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Abstract 
 
In the last 50 years, the semiconductor industry has been scaling the silicon 
transistor to achieve faster devices, lower power consumption, and improve device 
performance. Transistor gate dimensions have become so small that short channel effects 
and gate leakage have become a significant problem. To address these issues, 
performance enhancement techniques such as strained silicon are used to improve 
mobility, while new high-k gate dielectric materials replace silicon oxide to reduce gate 
leakage. At some point the fundamental limit of silicon will be reached and the 
semiconductor industry will need to find an alternate solution. The advent of graphene 
led to the discovery of other layered materials such as the transition metal 
dichalcogenides. These materials have a layered structure similar to graphene and 
therefore possess some of the same qualities, but unlike graphene, these materials possess 
sizeable bandgaps between 1-2 eV making them useful for digital electronic applications. 
Since initially discovered, most of the research on these films has been from 
mechanically exfoliated flakes, which are easily produced due to the weak van der Waals 
force binding the layers together. For these materials to be considered for use in 
mainstream semiconductor technology, methods need to be explored to grow these films 
uniformly over a large area.  
In this research, atomic layer deposition (ALD) was employed as the growth 
technique used to produce large area uniform thin films of several different transition 
metal dichalcogenides. By optimizing the ALD growth parameters, it is possible to grow 
ii 
 
high quality films a few to several monolayers thick over a large area with good 
uniformity. This has been demonstrated and verified using several physical analytical 
tests such as Raman spectroscopy, photoluminescence, x-ray photoelectron spectroscopy, 
x-ray diffraction, transmission electron spectroscopy, and scanning electron microscopy, 
which show that these films possess the same qualities as those of the mechanically 
exfoliated films. Back-gated field effect transistors were created and electrical 
characterization was performed to determine if ALD grown films possess the same 
electronic properties as films produced from other methods. The tests revealed that the 
ALD grown films have high field effect mobility and high current on/off ratios. The 
WSe2 films also exhibited ambipolar electrical behavior making them a possible 
candidate for complementary metal-oxide semiconductor (CMOS) technology. Ab-initio 
density functional theory calculations were performed and compared to experimental 
properties of MoS2 and WSe2 films, which show that the ALD films grown in this 
research match theoretical predictions. The transconductance measurements from the 
WSe2 devices used, matched very well with the theoretical calculations, bridging the gap 
between experimental data and theoretical predictions. Based upon this research, ALD 
growth of TMD films proves to be a viable alternative for silicon based digital 
electronics.  
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Chapter I: Introduction 
 
1.1 Device miniaturization and the need for TMD films 
 
For over 50 years the semiconductor industry has endeavored to scale down the 
dimensions of silicon based electronics to reduce power consumption, improve device 
performance, and lower cost. A large part of the success of the MOS (metal-oxide 
semiconductor) transistor is because it can be scaled to increasingly smaller dimensions, 
which results in its higher performance. The ability to improve performance consistently 
while decreasing power consumption has made CMOS (complementary metal-oxide 
semiconductor) architecture the dominant technology for integrated circuits, especially 
logic circuits. The scaling of the MOS transistor has been the primary factor driving 
improvements in microprocessor performance. In 1974 Robert Dennard [1] published a 
paper listing the scaling enablers for miniaturizing silicon based electronics.  
 
 
Figure 1.1: Classic MOSFET scaling first described by Dennard in 1974 IEEE [1] 
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He suggested that scaling channel oxide thickness, transistor gate length, and transistor 
channel width by a constant factor of 1/k (k is a scaling constant) would provide a delay 
improvement of 1/k at a constant power factor, thereby increasing transistor speed. To 
better understand this speed enhancement, we need to understand what determines the 
speed of the metal-oxide semiconductor field effect transistor (MOSFET). The main 
performance metric for transistor speed is gate delay (amount of time for a change on the 
input of the gate to cause a change in the output), which is defined as CloadVD/ID, where 
Cload is the load capacitance, VD is the source to drain, or supply, voltage and ID is the 
drain or drive current. The formula for the drive current in the linear region is [2]; 
  
'
2
eff ox D
D GS T D
Z C V
I V V V
L
  
   
 
  (1.1) 
for VGS  VT, VD < VD,SAT. Drive current in the saturation region is; 
  
'
2
2
eff ox
D GS T
Z C
I V V
L

     (1.2) 
for VGS  VT, VD  VD,SAT. L is the channel length, Z is the channel width ( to L), eff is 
the carrier mobility under the gate, VGS is the gate voltage, VT is the threshold voltage and 
C’ox is the gate capacitance per unit area, ox/tox, where ox is the gate oxide electric 
permittivity and tox is the gate oxide thickness. To increase the speed of the MOSFET, we 
need to reduce the gate delay, which generally has been done by decreasing L or tox which 
in turn increases the drive current and reduces the gate delay, CloadVD/ID, to increase 
transistor speed:  
'
2
eff ox D
D GS T D
Z C V
I V V V
L
   
      
 . This decrease in L and tox 
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explains why transistor size scaling had been the driving force behind device 
performance improvement until about 15 years ago. The desire for faster transistors 
started a decade long era of scaling that was seen in the 1990’s. Each new generation of 
process technology was expected to reduce minimum feature size by approximately 0.7x 
(k~1.4). A 0.7x reduction in linear features size was considered to be the right amount of 
reduction for a new process generation since it provided ~2x increase in transistor 
density. In conjunction with the density increase, Dennard’s scaling assumed that channel 
doping concentration could be continually increased to enable shorter channel lengths 
with the appropriate VT. Unfortunately, increasing channel doping concentration too high 
can cause carrier mobility and performance to degrade due to increased impurity 
scattering, and source and drain junction leakage to increase due to direct tunneling. 
Junction leakage is a limiter for ultra-low power integrated circuits. Gate oxide thickness 
reduction has also slowed due to leakage from tunneling. In Intel’s 65 nm process, the 
gate oxide is about 1.2 nm or about 5 atoms thick, which is generally considered to be the 
limit that SiO2 can be scaled. The general guideline for devices with ultra-thin body is 
that the body thickness be about 1/3 the gate length to maintain effective electrostatic 
control of the channel by the gate [3]. For sub-5nm gate lengths, this corresponds to 
channel materials with only about two atomic layers in thickness. Channel gate length is 
getting so small that quantum tunneling and gate leakage will be too high to continue 
with silicon. Unfortunately, this “classic” scaling held up until about 15 years ago, when 
problems such as increased gate leakage caused by extremely thin gate oxide, degraded 
carrier mobility, short channel effects, device stability, etc., caused classic scaling to 
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reach its limit. Since that time, classic scaling has been replaced with “equivalent 
scaling” techniques like strained silicon, high-κ/metal gate, and tri-gate transistor 
architecture. The search for materials that can perform as well or better than silicon is an 
ongoing pursuit that must continue if we are to continue to reduce device dimensions. 
1.2 Transition Metal Dichalcogenides 
 
In 2004 it was discovered that atomically thin layers of graphite, commonly 
referred to as graphene, could easily be produced using mechanical exfoliation [4], 
because of the weak van der Waals force between the layers of the highly oriented 
graphite. The discovery of graphene attracted significant attention because of its 
extremely high electrical and thermal conductivity, high carrier mobility and molecular 
barrier properties. Unfortunately, large area graphene has no bandgap, resulting in small 
or no current on/off ratios in its field effect transistors (FETs), and is therefore not a 
suitable material for digital electronic applications. Very small band gaps have been 
introduced by shaping graphene, but this increases the complexity of manufacturability 
and significantly reduces the mobility. These issues make it very difficult to build logic 
circuits from graphene, therefore trying to produce semiconducting graphene requires 
that we look for other suitable alternatives for silicon based electronics. The discovery of 
graphene did, however, reveal some interesting electrical, mechanical, and optical 
properties of several other 2-dimensional (2D) layered crystals, such as the transition 
metal dichalcogenides. Transition metal dichalcogenides (TMDs) are a class of materials 
with the chemical formula MX2, where M is the transition metal from group IV (Ti, Zr, 
Hf, etc.), group V (Ta, V, etc.), or group VI (Mo, W, etc.) and X is the chalcogenide (S, 
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Se, or Te) atom. The metal atom is sandwiched in between two layers of chalcogenide 
atoms in a covalent bond. The adjacent layers are held together by weak van der Waals 
force interaction to form the bulk crystal in a variety of polytypes, which vary in stacking 
orders and metal atom coordination (Fig. 1.2). The TMDs can be semiconductors (eg. 
MoS2, WSe2, WS2, SnS2), semimetals (eg. WTe2, TiSe2), metals (eg. NbS2, VS2), and 
superconductors (e.g., NbSe2, VSe2). 
 
 
Figure 1.2: Side (a) and top (b) view of two layer 2H phase MoS2. The black box outlines 
the MoS2 unit cell. 
 
The overall symmetry is hexagonal or rhombohedral, and the metal atoms have 
octahedral or trigonal prismatic coordination. The TMDs show a wide range of optical, 
electronic, mechanical, chemical, and thermal properties. Several of the TMDs also 
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display a bandgap of between 1-2 eV making them promising materials for FETs. Some 
of the interesting electrical properties of transistors made from these materials show large 
Ion/Ioff ratios, low leakage current, high field effect mobility, large current carrying 
capacity, and a high degree of immunity to short channel effects. The high mobility of 
charge carriers is due to the strong covalent bonding of atoms within the layers, while the 
weak van der Waals bonding results in intrinsically low density of surface traps. These 
create pristine surfaces free of dangling bonds which reduce roughness scattering that 
leads to higher mobilities. A few of the TMDs show a transition from indirect bandgap in 
the bulk to direct bandgap in the monolayer. MoS2 has a bulk indirect bandgap of about 
1.2 eV and increases to about 1.9 eV [5] in single layer whereas WSe2 indirect bandgap is 
about 1.3 eV with a direct bandgap of about 1.6 eV [6] at the single layer. The direct 
bandgap for MoS2 and WSe2 also results in photoluminescence at the monolayer which 
opens the possibility of optoelectronic applications.  
The TMDs are promising channel materials for semiconductor logic device 
application, however there are some challenges to using TMDs as channel materials in 
MOSFETs. To date there is no suitable method for implanting these 2D materials due to 
the nature of the ultra-thin body. Theoretical work predicts partial Fermi level pinning at 
the interface of these materials and the metal contacts which leads to Schottky barriers 
[7]. To reduce the contact resistance, one would need to heavily dope the semiconductor 
to enable tunneling or choose a high (low) work function metal for valence (conduction) 
band conduction. Since the films are generally intrinsically p-type or n-type, and the 
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films cannot be doped, choosing the appropriate contact metal to create Ohmic contacts 
can be challenging. 
Another challenge is developing an adequate technique to deposit a few layer 
thick films of high enough quality to make them a viable gate channel material. Many of 
the transition metal dichalcogenides have common crystal structures that are composed of 
stacked layers which interact via weak van der Waals force between the adjacent layers, 
similar to graphene. Formation of stable thin crystals with thicknesses down to a 
monolayer is easily achieved using mechanical exfoliation as was done with graphene. 
The process of mechanical exfoliation is sufficient to create small area, ultra-thin layers 
for early research into the properties of the TMD films. However, depositing stable, thin, 
uniform films is a necessary next step in the further development of the TMDs as a viable 
channel material. 
1.3 Thin Film Deposition 
 
To date these films have been produced using a wide range of methods, including 
chemical vapor deposition [8-11], electrochemical synthesis [12], molecular beam 
epitaxy (MBE) [13], and various forms of exfoliation [14-19]. Because TMDs are layered 
materials like graphene, the first approach to creating monolayer thin films has been 
mechanical exfoliation. Mechanical exfoliation has been the mainstay of early research of 
the TMDs because of the relative ease of producing few to single monolayers of the film. 
Mechanical exfoliation (also known as “scotch tape method”) typically results in flakes 
of varying sizes and thicknesses (Fig. 1.3) and has no large area uniformity. Mechanical 
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exfoliation also suffers from possible contamination, issues with reproducibility and the 
ability to scale up.  
 
 
Figure 1.3: Optical micrograph (a) and AFM image (b) of MoS2 flakes produced by 
mechanical exfoliation [20]. Reprinted with permission from ACS Nano. Copyright 2010 
American Chemical Society. 
 
Chemical exfoliation can produce small area thin sheets, but the chemicals are 
highly toxic and exothermic. Using thin film deposition methods, small area (5 mm x 2 
mm) MoSe2 films have been grown using MBE (Fig. 1.4), however larger area films 
suffer from domain boundary defects [21, 22] that cause mid-gap states and the process is 
slow and expensive.  
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Figure 1.4: STM image of MBE grown MoSe2 film [22] 
 
Another approach has been to produce micro-ribbons using electrochemical 
synthesis (Fig. 1.5). This process cannot grow large area thin films and requires high 
temperature (800 – 950 ℃) annealing for an extended time to synthesize the required 
film. One of the most common thin film deposition methods for advanced semiconductor 
technology is chemical vapor deposition (CVD), which is a bottom up approach where 
the reactants are delivered to a heated substrate in a gas phase reaction. The CVD process 
has only been able to create small area films and usually requires high temperatures to 
achieve these. The morphology of the films consists of platelets or plate-like crystals 
(Fig. 1.6) which generally have poor crystallinity. Large area uniform growth of single 
layer TMDs using CVD remains a challenge. Precise control of few atoms thick layered 
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films over a large area is difficult, therefore an alternate method is required if we are to 
achieve the atomically thin films necessary. 
 
 
Figure 1.5: MoS2 microribbons grown via electrochemical synthesis. The time denotes 
number of hours MoO2 was exposed to H2S at 800 ℃ to create MoS2 ribbons [12]. 
Reprinted with permission from Nano Letters. Copyright 2004 American Chemical 
Society. 
 
 
Figure 1.6: Optical microscopy image (a) and AFM image (b) of CVD grown monolayer 
WSe2 [23]. Reprinted with permission from ACS Nano. Copyright 2015 American 
Chemical Society. 
 
1.4 Overview 
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 The goal of this work is to show that TMD films can be grown uniformly over a 
large area using atomic layer deposition, and to exhibit the unique properties these films 
possess. The work is divided into three areas of focus. Chapter two will discuss the film 
growth process of several TMD films using atomic layer deposition, and the physical 
properties of the materials will be examined using several characterization methods. 
Chapter three details the electrical characterization of these films by means of back-gated 
field effect transistors, including the patterning process used to create them. Chapter four 
is a theoretical analysis of MoS2 and WSe2 films using density functional theory. The 
theoretical data is then compared to the experimental data from chapters two and three so 
that we may bridge the gap between theory and experimental data. Finally, in chapter 
five, the data from chapters two, three and four is summarized.  
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Chapter II: Synthesis and Physical Characterization 
 
2.1 Atomic Layer Deposition 
 
Atomic layer deposition (ALD) was introduced in 1974 by Dr. Tuomo Suntola in 
Finland while trying to improve the quality of ZnS films used in electroluminescent flat 
panel displays. Initially, ALD was not very well received due the fact that the film 
growth is a very slow process and at the time film thicknesses were far too great to make 
ALD useful. Continually decreasing device dimensions, and structures with high aspect 
ratio features that are used in advanced semiconductor technology, have increased 
interest towards this technique since the mid 1990’s. Today it is the main deposition 
method used in advanced gate dielectrics, as well as other areas where very thin uniform 
films are required including features with high aspect ratios. No other thin film deposition 
technique can match the conformality achieved by ALD on high aspect ratio structures. 
ALD is therefore a potentially advantageous method for depositing or growing atomically 
thin TMD films uniformly over a large area. 
ALD is a monolayer stepwise growth process where the reactants, or precursors, 
are alternately injected into the growth area, and following each reaction the excess 
species and by-products are purged out. It is unique in that the process is a self-
terminating gas-solid reaction instead of a gas-gas reaction that most other CVD 
processes use. ALD uses many of the same chemistries that CVD uses, but CVD is done 
in a dynamic flow situation, where ALD uses discrete steps. As a result, high quality 
films are grown over large areas by sequential surface reactions which enable precise 
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control of the film composition and thickness, therefore this approach is ideal for growth 
of layered materials. The basic ALD process first introduces a precursor gas onto the 
substrate surface. A chemisorption process takes place, which is a type of adsorption that 
is driven by a chemical reaction at the surface. This new reaction creates a new chemical 
species that covalently bonds to the substrate surface. The limited number of surface sites 
ensures that reactions can only deposit a finite number of species, creating the self-
terminating process. This is also very beneficial in that an exact precursor dosage is not 
required, since the surface saturation limits the reaction. The only requirement is that 
there are enough precursor molecules to completely cover the substrate surface. After this 
reaction, the by-products are purged out with an inert gas (nitrogen in our case). The 
second precursor is then introduced which reacts with the first chemisorbed precursor 
which is then followed by another nitrogen purge, which completes the process and 
creates one monolayer of the final film. It should be noted that although the growth of 
one monolayer per cycle is used to describe the process, the growth per cycle is usually 
less than this. When the surface is saturated with the chemisorbed species, the growth per 
cycle is determined by factors such as the reactants used, the ALD process temperature, 
and sometimes the substrate material. Steric hindrance of the ligands will cause saturation 
during the chemisorption process if the limited number of bonding sites does not cause it. 
Steric hindrance is when the chemisorbed ligands of the new species blocks part of the 
surface from being accessible to the precursor and so the surface is considered being full. 
Figure 2.1 shows a flow diagram as an example of how a single layer of WSe2 is created 
using WCl6 and H2Se precursors as the reactants. Using this process, we have 
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demonstrated growth of several of the 2D films, including MoS2, WS2, SnS and WSe2, 
over a large area (5 cm x 5 cm). 
 
 
Figure 2.1: WSe2 ALD cycle 
 
The self-limiting nature of the reactions allows the process to create thin films 
with atomic level control and with a high degree of uniformity and conformity, making it 
one of the most promising thin film deposition techniques for nanostructures, patterned 
substrates, and high aspect ratio features. Another characteristic of ALD is the ability to 
deposit films at low temperatures, which is beneficial for processes where low thermal 
budget is required. Depending on the film, ALD can deposit films at temperatures as low 
as 100 C which has been demonstrated with Al2O3 and ZrO2 [24], although most of the 
TMD films are grown at higher temperatures to produce crystalline films of appropriate 
phase. 
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All films used in this research were grown in a Microchemistry F-120 ALD 
reactor (Fig. 2.2), which can hold two 5 cm x 5 cm substrates per run. The F-120 reactor 
was the first commercial ALD reactor [25] and was created for fast cycling, which 
allowed for short pulse widths in our film growth parameters. The films typical growth 
temperatures ranged from 330 C to 450 C, based upon the film being grown. The 
substrates consisted of either n- or p-type silicon wafers coated with silicon oxide ranging 
in thicknesses from 30 nm to 320 nm. The parameters used in the growth process for each 
film type are explained later in this chapter. 
 
 
Figure 2.2: Microchemistry F-120 ALD Reactor 
 
16 
 
2.2 Film Characterization: Structural Techniques and Elemental Analysis 
 
Optimum parameters for growth of the TMD films were determined by 
characterizing the films with respect to their composition, crystalline phase, etc. Several 
physical methods for characterizing the TMD films such as XPS, XRD, SEM, TEM, 
photoluminescence, and Raman spectroscopy were used to determine the quality of the 
films. All the film characterization techniques used in this research will be briefly 
discussed, although not all of them were employed for every film. 
Raman spectroscopy was one of the primary characterization tools used for 
structural characterization. It was used to observe specific materials based on their 
vibrational, rotational, and other low frequency modes, as well as their crystalline phase. 
Raman spectroscopy is an optical technique based on inelastic scattering of 
monochromatic light, usually from a laser source. Photons of the laser light are absorbed 
by the film and then re-emitted. The frequency of the re-emitted photons is shifted up or 
down in comparison with original monochromatic frequency, which is called the Raman 
effect. It was the primary characterization method used to optimize the ALD parameters 
for growth of MoS2, WS2, SnS, WS2/SnS heterostructures and WSe2 films. Raman 
spectroscopy is also useful for determination of film thickness of some 2D chalcogenides 
because the phonon frequencies are sensitive to the thicknesses of these films. 
Photoluminescence (PL) is a non-contact non-destructive method of probing the 
electronic structure of a material. The energy distribution from photoluminescence is 
measured and analyzed to determine properties of the material such as its band gap, using 
17 
 
the formula; 
1240eV nm
E


   , where  is the wavelength of the emitted photons and 
E is the energy band gap. For our MoS2 sample, when laser light of wavelength 532 nm 
was directed onto the film surface, it was absorbed, leading to photo-excitation of the 
electrons. The photo-excitation causes electrons to jump to a higher energy state and 
release photons as they relax and return to a lower energy state. The photons were 
measured with a 0.3 m spectrometer. PL could not be used in cases where there was little 
or no photo-excitation occurring, as in the case of the thicker samples of MoS2 or WSe2 
(indirect band gaps). MoS2 does show some PL for bilayer films and strong PL for 
monolayer films. 
Transmission electron microscopy (TEM) is a technique where a beam of 
electrons is transmitted through an ultra-thin specimen (film), interacting with the film as 
the beam passes through it. An image is formed from the electrons diffracted through the 
film. This image is magnified and focused onto an imaging device. TEM can produce 
images down to a single row of atoms and is therefore extremely useful for determining 
the number of layers in a film. TEM was also used to determine the internal structure and 
composition of our films. 
X-ray photoelectron spectroscopy (XPS) is a surface chemical analysis technique 
that can be used to analyze the surface chemistry of a material. It measures the elemental 
composition to determine the empirical formula, chemical state, and electronic state of 
elements that were present within the material. XPS spectra for a few materials were 
obtained by irradiating a material with a beam of x-rays while simultaneously measuring 
18 
 
the kinetic energy and number of electrons that escaped from the top to a depth of about 
10nm of the material being analyzed. XPS is very useful for TMD film analysis to 
determine the proper phase and composition of films since there are several different 
compositions that can be formed depending upon the growth parameters. 
X-ray diffraction (XRD) is a non-destructive technique used to identify crystalline 
phases and orientation. XRD can determine structural properties such as lattice 
parameters (interplanar spacing), strain, grain size, epitaxy, phase composition, and 
preferred orientation. XRD can be used to measure thickness of thin films and multi-
layers and determine atomic arrangement. XRD was used to determine the crystalline 
property of MoS2 bilayer film in this research. 
2.3 ALD of Molybdenum disulphide (MoS2) 
 
Molybdenum disulphide (MoS2) is the most studied of the 2D layered materials. It 
has a hexagonal honeycomb structure like graphene and therefore exhibits similar 
physical properties. The monolayer is composed of a single layer of molybdenum atoms 
sandwiched between two layers of sulfur atoms and coordinated through covalent bonds 
in a trigonal prismatic arrangement. Fig 1.2 shows a single layer of MoS2 in a 2H phase 
or polytype. As a bulk film, MoS2 is an indirect bandgap semiconductor, however 
monolayers of this film are interesting because they have a direct bandgap of about 1.8 
eV [26] making MoS2 a good candidate for optoelectronics.  
The ability to grow MoS2 (as well as the other TMDs) using ALD comes from the 
fact that the reactants (precursors) are readily available and can facilitate the appropriate 
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growth pathway. The reactants must also be volatile enough to be in a gas phase with 
moderate heating and should not decompose before they have reached and reacted with 
the sample surface. The surface reaction must also be quick and irreversible for fast 
growth. The MoS2 films in this research were grown with temperatures ranging from 330 
C to 450 C. With temperatures ranging from 350 C to 400 C, the films were smooth 
and continuous and growth was linear with the number of cycles. At a temperature of 390 
C the film growth rate was 0.087 nm/cycle. The growth per ALD cycle is much smaller 
than one MoS2 monolayer (~6.5 Å). This discrepancy is because ALD growth is 
dependent on surface species and surface chemistry which can cause a limited number of 
reactive surface sites. The surface chemistry is not required to always yield a monolayer 
of growth for every ALD cycle. Several films were grown, but the thickest films were 
about 9 nm after 100 cycles. The substrates used were n-type silicon wafers with about 
320 nm of silicon oxide grown as an electrical insulating layer. The precursors used for 
MoS2 were MoCl5 and H2S (9% Ar balance). The MoCl5 source temperature was set to 
105 C and the carrier gas (N2) flow rate was set to 250 sccm and a reactor pressure of 1 
mbar. The pulse sequence for each cycle was as follows; MoCl5 pulse width was 0.8 s 
with an N2 purge of 1.0 s, followed by H2S pulse of 1.2 s and then N2 purge of 1.0 s. No 
further processing of the film was performed, although it should be noted that other post 
processing methods such as sulfur annealing have been performed by others to try and 
improve crystallinity [27]. 
After the films were grown, they were analyzed by Raman spectroscopy using 
532 nm wavelength with laser power of 1 mW. The Raman peaks were weak for films 
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grown at 350 C, but for the films grown at 390 C the peaks were sharp and distinct (Fig. 
2.3). Figure 2.3 shows a Raman spectrum of one sample grown with 15 cycles (~1.3 nm 
thick), exhibiting an in-plane mode at 379.0 cm-1 and out-of-plane mode at 401.2 cm-1. 
The separation of the in-plane (E12g) and out-of-plane (A1g) vibrational modes is ~22 cm
-1 
[28], indicating a bilayer (two MoS2 layers) film [29]. The bilayer growth was also 
confirmed using atomic force microscopy (AFM) that measured a thickness of 1.3 nm. 
The separation in peaks of the E12g and A1g vibrational modes is one of the unique and 
quick methods of determining the thickness of MoS2 films. It has been shown that this 
separation is smaller when the films are thinner down to ~18 cm-1 for the monolayer and 
~26 cm-1 for bulk films [30]. Using a classical model for coupled harmonic oscillator, the 
two vibrational modes are expected to increase as additional layers are added because the 
interlayer van der Waal interactions increase the effective restoring force acting on the 
atoms. This separation has been explained with first principles based force constant 
model that the frequencies between the two modes are due to the increased force constant 
between Mo and S at the surface and decreasing thickness. The effect of increased force 
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constant for the E12g mode is larger than the effect of decreasing thickness, explaining the 
anomalous blue shift [31] (frequency increase).  
 
 
Figure 2.3: Raman spectrum of bilayer MoS2 film on silicon oxide on silicon 
substrate with inset showing the vibrational E12g and A1g modes [28]. 
 
Another test performed with Raman spectroscopy was a parallelization test, to 
confirm that the films were grown parallel to the substrate surface. The polarization of 
the incoming light was set while rotating the analyzed light. The samples tested showed 
the A1g peaks were nearly eliminated, because the phonon modes are perpendicular to the 
film, compared to the E12g peaks which are in-plane oscillations, thus confirming that the 
film growth was parallel to the film surface.  
The film uniformity was checked by measuring multiple areas of the sample using 
Raman spectroscopy with no discernible difference in the vibrational modes of the scans, 
indicating a uniform film. This was further tested with AFM and scanning electron 
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microscope (SEM), which showed no step changes and the SEM image (figure 2.4) was 
smooth and featureless. 
 
 
Figure 2.4: Scanning electron micrograph (SEM) of ALD deposited MoS2 film [28] 
 
Bulk MoS2 is an indirect bandgap semiconductor with an energy gap of about 1.2 
eV [32], but when the thickness is reduced to a single atomic layer, the bandgap becomes 
direct with an energy gap of about 1.9 eV due to quantum confinement [32, 33]. Bright 
photoluminescence can be seen from monolayers of MoS2 and surprisingly strong PL 
peaks can be detected from even a few layers thick films. PL was measured from the 
MoS2 bilayer sample, whose Raman spectrum is shown in figure 2.3, using an excitation 
wavelength of 532 nm with a 0.3 m spectrometer. There are two strong peaks (Fig. 2.5), 
one which is from the monolayer at about 680 nm (~1.82 eV) and the second peak at 
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about 775 nm (1.6 eV) is from the bilayer. The bilayer peak at 775 nm is attributed to 
indirect gap luminescence and the onset of photoconductivity, which is consistent with 
experimental work performed by others [33]. 
 
 
Figure 2.5: Photoluminescence from bilayer MoS2 [28]. 
 
Chemical analysis of the MoS2 bilayer film was performed using XPS. The 
spectrum for molybdenum and sulfur binding energies is shown in figure 2.6. The peaks 
at 229.9 and 233.1 eV are attributed to the doublet Mo3d5/2 and Mo3d3/2 respectively, 
while the sulfur the peak at 227.14 eV is attributed to the S 2s binding energy, as seen in 
figure 2.6(a). In figure 2.6(b) the sulfur 2p binding energies are shown. The peaks 
observed at 161.4 and 160.3 eV are attributed to the S2p1/2 and S2p3/2 orbitals of divalent 
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sulfide ions (S2-). The separation between the two p and the two d peaks is due to spin 
orbit splitting. The XPS data was calibrated against standard carbon signature, and all 
binding energy peaks were obtained after peak fitting with a corresponding chi-squared 
fit of 0.53 and are consistent with those reported for MoS2 crystals [34, 35]. There was a 
small trace of chlorine from the MoCl5 precursor whose signal was too weak to determine 
the atomic concentration. There was also no detection of molybdenum oxide peaks. 
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Figure 2.6: (a) XPS spectrum of MoS2 film showing Mo3d doublet [28]. (b) XPS 
spectrum of MoS2 with S 2p doublet. 
 
To determine the crystalline property of this bilayer film, x-ray diffraction (XRD) 
was performed using a very slow (20 h) scan rate at a grazing angle of 0.5 with respect 
to the sample. The wide peak centered at about 13 in figure 2.7 is attributed to the 
scattering from the 002 basal plane of the MoS2 film [36]. The broadening of the peak is 
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due to the very thin film. The second peak at 21 is from the underlying amorphous silica 
layer of the substrate [37]. 
 
 
Figure 2.7: X-ray diffraction spectrum of bilayer MoS2 thin film on a silicon oxide coated 
silicon substrate [28] 
 
2.4 ALD of Tungsten diselenide (WSe2) 
 
Tungsten diselenide (WSe2) is another semiconducting layered material like 
MoS2, with the same type of hexagonal layer of metal atoms (tungsten) sandwiched in 
between two layers of chalcogenide (selenium) atoms (Fig. 2.8). Like MoS2, WSe2 is also 
a direct bandgap semiconductor at the monolayer and indirect bandgap for bulk films. 
The indirect bandgap (for bulk) is ~1.35 eV, while the direct bandgap for a monolayer is 
~1.65 eV. The electrical properties can vary with the metal atom sandwiched between the 
two layers of chalcogenide atoms. Tungsten is a larger atom than molybdenum which is 
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one explanation for the difference in bandgap between MoS2 and WSe2. Another cause 
for variation is the chalcogen atoms size and the bonds between the metal atom and the 
chalcogen atoms. This variation in band gap between TMDs will be discussed later. 
 
 
 
Figure 2.8: Side (a) and top (b) view of two layer 2H phase of WSe2 
 
The WSe2 films were grown on silicon substrates with 31.6 nm thick film of 
silicon oxide as the dielectric. The precursors used were WCl6 and H2Se (9% balance Ar). 
The WCl6 source temperature was set to 110 C while the carrier gas (nitrogen) flow rate 
was 250 sccm. Growth sequence per cycle was as follows; WCl6 pulse width was 0.8 s, 
N2 purge of 1.0 s, H2Se pulse width of 1.2 s, followed by N2 purge of 1.0 s. Growth 
temperature was set to 390 C and resulted in a film growth of 0.5 nm/cycle. Following 
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the deposition, some samples were cleaved and half of the sample was annealed in Se 
vapor for one hour at 500 C to improve the crystalline properties. 
The annealed and unannealed films were characterized by Raman spectroscopy 
using an excitation wavelength of 532 nm and power of 1 mW. The annealed sample 
showed only a minimal improvement over the unannealed half of the sample, therefore 
the following details are for the annealed sample. The Raman spectrum of a 3.6 nm thick 
film is shown in figure 2.9. The strongest signals occur at 247 and 256 cm-1, which are 
the in-plane E12g and out-of-plane A1g vibrational modes, respectively [38, 39]. With a 
monolayer film, the vibrational modes are exhibited as separate peaks, but they broaden 
and partially overlap as the film gets thicker. Others have shown that Raman modes are 
degenerate in bulk WSe2 films, showing only one peak, but this degeneracy is lifted as 
the film dimension is reduced [40]. The lifting of the degeneracy can possibly be 
explained by the addition of uniaxial strain applied to the WSe2 film from the silicon 
oxide layer. WSe2 does not show the same relationship between vibrational mode peak 
separation and the film thickness that MoS2 does, so it is only useful to determine if the 
films are bulk or a few layers thick, but not how many layers.  
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Figure 2.9: Raman spectrum of WSe2 produced with an excitation wavelength of 532 nm 
[41]. 
To determine the thickness of these films, a cross-sectional profile was examined 
using TEM. The samples were prepared using focused ion beam (FIB) milling, which 
caused slight damage to the film, as can be seen in the micrograph (Fig. 2.10). A carbon 
film was placed on top of the WSe2 film during sample preparation. As one can see from 
figure 2.10, the thickness is about 0.7 nm for a single layer, which is consistent with the 
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value reported in literature [42]. TEM analysis also showed the films to be continuous 
and smooth. SEM analysis did not show any discernible grain boundaries. 
 
 
Figure 2.10: Cross-sectional TEM of a few layered thick WSe2 film [41]. 
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Figure 2.11: Top view TEM scan of WSe2 [41]. 
 
To examine the chemical composition and binding energies of these films, XPS 
was utilized. The binding energies of W and Se are shown in figures 2.12(a) and (b) 
respectively. The peaks, 32.3 and 34.6 eV in figure 2.12(a) are attributed to the W 
doublets 4f7/2 and 4f5/2 binding energies respectively. The tail on the W 4f5/2 peak is due 
to the presence of the W 4f5/2 peak of WO3 at 35.9 eV. Since the sample had been 
exposed to air for some time prior to XPS analysis, this most likely contributed to the 
extra peak. The Se binding energies are shown in figure 2.12(b). The peaks at 54.7 and 
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55.6 eV correspond to the Se 3d5/2 and Se 3d3/2 binding energies. The results for both W 
and Se are consistent with XPS values reported in literature for crystalline WSe2  [43, 44]. 
 
 
 
Figure 2.12: XPS spectra for binding energies of (a) W and (b) Se in ALD WSe2 [41]. 
 
2.5 ALD of WS2/SnS Heterostructure 
 
One of the important features of semiconducting channel materials for 
complimentary logic transistors, is the ability to transport electrons and holes in n-FET 
(field effect transistor) and p-FET devices. Historically, silicon has been doped to form n- 
and p-type junctions, however, at this time suitable dopants are lagging for TMD 
materials. To address these challenges, ALD has been utilized to grow heterostructure 
films with both n- and p-type characteristics. Since single layers have no dangling bonds, 
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the van der Waals heterostructures formed by stacking these layers should be free from 
lattice matching constraints and interface states, thereby leading to high performance 
devices. 
The transition metal chalcogenide films WS2 and SnS were first grown in a 
Microchemistry F-120 ALD reactor separately, and analyzed. The reactor temperature 
used for both WS2 and SnS was 390 C. The precursors for WS2 were WCl6 and H2S (9% 
Ar balance). The WCl6 source temperature was 110 C and the carrier gas (nitrogen) flow 
rate was 250 sccm. The pulse sequence per cycle was as follows; WCl6 pulse width was 
0.8 s, N2 purge for 1.0 s, H2S pulse of 1.2 s, followed by 1.0 s N2 purge. The film growth 
rate was 0.125 nm per cycle. This film thickness, measured with AFM, was 2.5 nm and 
was analyzed with Raman spectroscopy using 532 nm wavelength laser excitation at a 
power of 1 mW. The Raman spectrum shown in figure 2.13 is similar to what has been 
reported in literature for the 2H stacked phase [45]. The first order optical modes E12g 
occurs at 355 cm-1 and A1g occurs at 418 cm
-1 while second order longitudinal acoustic 
mode 2LA (M) at the M point, occurs at 353 cm-1. Since the E12g and 2LA(M) modes are 
so close together, they overlap [46]. There is another peak around 300 cm-1 that is due to 
another 2LA(M) [46]. 
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Figure 2.13: Raman spectrum of WS2 film [47]. 
 
The SnS films were grown from tin(II) acetylacetonate and H2S. The tin source 
temperature was 95 C and the pulse sequence was as follows; tin 0.6 s, N2 purge for 1.0 
s, H2S pulse of 1.2 s, and N2 purge of 1.0 s. The growth rate was 0.47 nm per cycle. At 
lower growth temperatures (<250 C) the films were composed of mixed phases, 
however above 300 C only SnS phase films were produced, as verified by Raman 
spectroscopy. The Raman spectrum from a 4.5 nm thick film (measured by AFM) is 
shown in figure 2.14, where the laser wavelength was 532 nm. Several peaks were 
observed, at 95, 162, 190, 225, and 287 cm-1, and are consistent with those reported for 
single crystal SnS at 94, 162, 191, 219, and 288 cm-1 [46, 48]. The origin of these peaks 
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has been attributed to first order single phonon oriented transverse or longitudinal optical 
vibrational modes [49].  
 
 
Figure 2.14: Raman spectrum of SnS film [47] 
 
After growing individual WS2 and SnS films and optimizing growth parameters, 
heterostructures were then created by alternately growing WS2 and SnS layers using the 
same parameters as the individual films growth. The thickness of each layer was 
controlled by selecting the appropriate number of cycles of the films respective 
precursors. The thickness of each material was varied from a couple of layers to 10 
layers. When viewed under an SEM, the surfaces of these films were smooth and 
continuous and there were no visible grain boundaries. Raman spectroscopy was 
performed on one of the heterostructure samples and is shown in figure 2.15. It shows the 
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two optical modes of WS2 but not the 2LA(M) at 300 cm
-1 that was seen for the 
individual film. Both peaks are shifted towards the higher frequency by 2 cm-1.  
 
 
Figure 2.15: Raman spectrum of the WS2/SnS heterostructure [47] 
 
After the deposition of the films, a small section of the sample was cleaved for 
observation with a TEM. The TEM samples were prepared using FIB milling, which 
proved to be very difficult for the very thin films, especially the SnS layers, since the FIB 
process damaged the films. A cross-sectional TEM view of a film composed of three 
pairs of WS2/SnS layers is shown in figure 2.16. This layer had the thickest SnS layer and 
therefore suffered the least amount of FIB damage, however the damage at the interface 
is evident. This low magnification TEM is shown to demonstrate the continuous nature of 
the film. The darker layers are WS2 and the lighter layers are SnS. A close-up of one of 
the WS2/SnS interfaces from an undamaged portion of the film stack is shown in figure 
37 
 
2.17. A continuous transition can be observed from WS2 to SnS layers. The four layers of 
WS2 and the SnS lattice are clearly visible.  
 
 
Figure 2.16: Cross-sectional TEM of 3 alternating sets of WS2/SnS layers, starting with 
WS2 at the bottom [47]. 
38 
 
 
  
Figure 2.17: Cross-sectional TEM micrograph of the WS2/SnS interface [47]. 
 
The WS2 film displays a clear lattice only in the axial direction, where the spacing 
between layers is measured to be about 6.2 Å. A comparison between this value and 
unstrained WS2 (c = 6.145 Å) [JCPDS 08-0237] confirms that the film is mono-phased 
and hexagonal. In the SnS portion of the film, the peaks visible in the Fast Fourier 
Transform (FFT) analysis in figure 2.18 correspond to the {0,1,1} family of reflections, 
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and therefore the orientation corresponds to the [100] zone axis. The {0,0,1} reflections 
are not present due to the reflection condition of the Pnma group. The lattice parameters 
were determined to c = 4.06 Å, and a = 4.36 Å, which matches with the Herzenbergite 
SnS (JCPDS 39-0354, b = 3.9838 Å, c = 4.3291 Å). There is a stretch of about 2.2% in 
the b-direction and 0.6% in the c-direction.  
 
 
 
Figure 2.18: (a) FFT of SnS part of the film stack. Lattices are shown on the FFT. Blue is 
the c* axis of SnS and red is the b* lattice of SnS. (b) FFT of the WS2 part of the film 
stack [47]. 
 
A very interesting finding was that although both WS2 and SnS are layered 
materials, the FFT analysis of the high resolution TEM (HRTEM) images reveals that the 
orientation of the SnS layers is not parallel to the WS2 layers. To reveal the mutual 
orientation of the two lattices, an FFT from the interface area was performed. As can be 
seen from figure 2.19, the angle between c* (WS2, green) and c* (SnS, blue) is about 15 
degrees. The closest low index zone axis which corresponds to this tilt, is the [410] axis, 
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with angle to [001] being 14.03˚, thus the orientation relation between the two 
components of the heterostructure is [410]SnS/[001]WS2. This angular orientation 
continues at other interfaces in the stack. This is counterintuitive, since one would expect 
that two layered materials will pack in a way that preserves their layered structure within 
the heterostructure, as in the case of MoS2/WS2 heterojunctions, where stacked layers of 
MoS2 and WS2 preserved the 2H stacking [50]. In this case both the layers had similar 2H 
phase crystal structures [50]. However, in our case the two layered materials have 
different crystal structures where the layered nature of the materials is preserved, 
however the growth occurs at an angle with respect to their van der Waals planes. This 
misaligned growth of the two films will have implications on the electrical properties of 
the heterostructure which will be discussed later. 
 
 
Figure 2.19: FFT of the interface section of Fig. 2.17 [47]. The green lattice corresponds 
to the WS2 interlayer spacing. The blue c* axis of SnS, red b* axis of SnS. 
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2.6 Summary 
 
The growth of several TMD films using ALD has been demonstrated. Continuous 
uniform films of MoS2, WSe2, WS2, SnS, and WS2/SnS heterostructures were grown over 
a 5 x 5 cm area. An important note is that this is the first time uniform 2D TMD films 
have been produced over such a large area. During the growth of the TMD films, several 
analytical techniques were employed to study their physical characteristics and to ensure 
a comprehensive examination of the film. For example, the Raman spectrum for MoS2 
shows a clear correlation between the thickness of the film and the separation of the in-
plane and out-of-plane vibrational modes, which matches well with literature. WSe2 does 
not have a similar thickness correlation, however when film growth is limited to only a 
few layers thick, the individual peaks in the in-plane and out-of-plane vibrational modes 
start to become evident. In the case of the WS2/SnS heterostructure, the Raman peaks 
were a combination of the individual films with some minor shift for WS2. Upon further 
analysis, XPS of both MoS2 and WSe2 clearly indicated the chemical composition of 
those two films match that of crystalline films which was also confirmed by XRD for 
MoS2. Photoluminescence examination of MoS2 was able to show that a bi-layer film 
produced surprisingly strong photoluminescence. No film thicknesses fewer than 3-4 
layers were grown for WSe2, therefore no photoluminescence was performed for that 
film. The analyses performed with SEM, TEM, and AFM further demonstrate that these 
films are good quality ALD grown films. 
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The monolayer stepwise growth process that ALD uses, makes this method of 
film growth advantageous over other methods of growing or depositing few layers films. 
The ability to grow TMD films a few monolayers thick is particularly important for 
semiconductor device manufacturing. Most research to date has come from examining 
small samples (on the order of a few tens of microns) of exfoliated films because the 
weak van der Waals force makes this an easy method from which to obtain everything 
from bulk to single layer films. This research has shown that ALD can grow good quality 
uniform films over large areas with similar properties to the exfoliated films, making 
ALD an attractive process for growing these materials.  
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Chapter III: Electrical Characterization 
 
The study of graphene, with its exceptional electrical qualities, has sparked great 
interest in the TMDs, with the hope that they also possess some of the electrical 
properties that graphene possesses. The electrical characterizations performed on 
semiconducting TMD thin film layers created from exfoliated flakes have shown some 
interesting electrical properties, which begs the question, can these same properties be 
seen on ALD grown thin films? In contrast to graphene’s zero bandgap, the 
semiconducting TMDs have a bandgap of between 1-2 eV, which makes them good 
candidates for electronic devices requiring high Ion/Ioff ratios. TMDs such as MoS2 and 
WSe2 also exhibit a direct bandgap with strong photoluminescence when the films are a 
monolayer thick, making them good candidates for optoelectronics. Other important 
electronic properties the TMDs have exhibited are large Ion/Ioff ratios [51], ultra-low off-
state energy dissipation (i.e. low leakage), high field effect mobility [51], large current 
carrying capacity [17, 52, 53], and a high degree of immunity from short channel effects 
[53]. To understand if the same electronic properties are exhibited with ALD grown 
films, wafers with several TMD films grown via ALD were patterned using optical 
lithography, and back-gated transistors were built and electrical characterization was 
performed.  
3.1 Device Fabrication and Measurement Techniques 
 
3.1.1 Photolithography 
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To create back-gated FETs, silicon wafers were prepared with thermally grown 
silicon oxide at varying thickness (30 to 320 nm) and ALD grown TMD films as 
previously described. These wafers were patterned to open the area for the source and 
drain contacts where the metal was deposited. The photoresist used in patterning the 
contacts was Shipley Microposit S1813 positive photoresist. The resist was spun on the 
wafer with a spin coater at 3200 RPM for 110 seconds, completely coating the wafer with 
a resist film thickness of approximately 1.5 m. After the spin coating was performed, the 
wafer underwent a soft bake process at 100 C on a hotplate for 60 seconds to improve 
resist adhesion and prevent sticking to the contact mask. The wafers were then exposed to 
365 nm wavelength UV light for 120 seconds using a OAI Hybralign 200 Contact 
Aligner (Fig. 3.1).  
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Figure 3.1: OAI Hybralign 200 Contact Aligner 
 
The contact mask was a 5-inch soda lime glass mask with 2 m resolution and a 
dense population of features to create transistors with gate lengths ranging from 2 to 10 
m and 100 m channel width. A set of transmission line method (TLM) structures were 
also created to enable performing contact and sheet resistance measurements. After the 
wafers were exposed, they were developed in a NaOH solution between 0.1325 and 0.194 
M concentration to remove the exposed photoresist, thereby opening the areas for metal 
deposition to create the transistor contacts. It was necessary to vary the NaOH solution 
concentration to create the proper develop time, taking into account photoresist age and 
thickness so that good pattern uniformity could be achieved across the wafer. Developing 
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too fast caused poor uniformity, creating overdeveloped features in the center and 
underdeveloped features at the edge of the wafer. Total develop time used for all films 
was between 15 and 20 seconds. After patterning, metal deposition was performed using 
various metals (Ti, Au, Pd, and Ni) to compare contact properties with the different films. 
Metal was deposited between 30 and 60 nm thick (very early samples had 80nm thick Ti) 
using electron beam and sputter deposition processes. After the metal deposition process, 
the excess metal and unexposed photoresist were lifted off the wafer using acetone. The 
fabrication process was then completed by applying Ag paste to the wafer backside, to 
provide the backside gate contact. An optical microscope view of one of the areas of a 
patterned wafer with metal contacts is shown in figure 3.2. The numbers to the right of 
the features were part of the mask pattern and indicate the channel length in micrometers, 
so that we knew the gate length when making the electrical calculations after 
measurements were made. Each cluster consists of five transistors with gate lengths of 2, 
4, 6, 8, and 10 m and two sets of TLM structures, each of widths (distance between the 
metal contacts) of 20, 40, 60, 80, and 100 m and length of 500 μm. Figure 3.3 is a 
sample of one of the wafers showing the densely packed set of features. 
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Figure 3.2: Close up view of completed wafer, patterned with metal contacts showing the 
individual transistors and TLM structures. 
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Figure 3.3: WSe2 wafer patterned with metal deposition. 
 
3.1.2 Electrical Equipment and Tests 
 
Electrical characterization is an important component to understanding the nature 
and operation of the semiconducting TMD films. The electrical tests performed included 
standard Id-Vd and drain current versus gate voltage tests using back-gated transistors, 
which provided conductance, mobility, and current on/off ratios. The TLM structures 
enabled the performance of sheet and contact resistance measurements which provided 
valuable information about the film resistance and contact characteristics of the different 
metals used. 
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The electrical tests were performed using a probe station (Fig. 3.4) connected to 
an HP 4145B Semiconductor Parameter Analyzer (Fig. 3.5). The output of the analyzer is 
input to a computer running Metrics Technology ICS (Interactive Characterization 
Software) which controls the input/output parameters for each test and stores and plots 
data. The probe station has an enclosure to allow samples to be tested in a dark 
environment which is beneficial for films that are sensitive to light. 
 
 
Figure 3.4: Probe Station 
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Figure 3.5: HP 4145B Semiconductor Parameter Analyzer 
 
3.2 MoS2 Electrical Data 
 
The electrical properties of the bilayer film of MoS2 (described in section 2.3) 
were studied using back-gated FETs like those in figure 3.2. The film was grown on top 
of ~320 nm silicon oxide which acted as the gate oxide. The metal contacts were made 
from 80 nm thick Ti, deposited via electron beam deposition. Choosing low resistance 
metal contacts are crucial because high resistance metal contacts limit TMD device 
performance. Ti was selected since its work function (~4.3 eV) is closer to the conduction 
band (~4.7 eV) of MoS2, anticipating an n-type behavior in the film, thereby creating a 
smaller Schottky barrier. The Schottky barrier (ΦB) is a potential energy barrier that is 
formed at a metal-semiconductor junction. The barrier between the metal and 
semiconductor is predicted by the Schottky-Mott rule (ΦB = ΦM – χ), where ΦM is the 
metal work function and χ is the MoS2 electron affinity, to be proportional to the 
difference between the metal-vacuum work function and the electron affinity of the 
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semiconductor. In practice, the chemical termination of the semiconductor crystal against 
the metal creates electronic states within its bandgap. These metal induced states and 
their occupation by electrons tends to pin the center of the bandgap to the Fermi level, 
known as Fermi level pinning. This can cause the height of the Schottky barrier to vary 
from the predicted value of the semiconductor or metal work function. Ti has a low metal 
work function, favorable interface geometry and bonding, a large density of states at the 
Fermi level, and a narrow potential barrier at the interface region to MoS2, creating a 
good contact metal for electron injection [54, 55]. Initially, the gate bias was set to zero 
while sweeping the drain voltage and measuring the drain current. The Id-Vd profile was 
linear (Fig. 3.6), indicating Ohmic contacts, although some of the earlier MoS2 samples 
did show slight Schottky contacts. The reason for the Schottky contact is unknown, but it 
is possible the interface between the metal and MoS2 layer was poor, leading to a larger 
Schottky barrier height. 
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Figure 3.6: Drain current (Id) vs. drain voltage (Vd) of MoS2 bilayer film 
 
Next, the dependence of drain current (Id) on gate voltage (Vg) was examined as 
shown in figure 3.7. The field effect mobility () was calculated from the slope of the 
linear region of the curve in figure 3.7 by using the expression; 
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bilayer MoS2 using shorter channel lengths [56]. Some have even reported very high 
electron mobility >200 cm2/V·s with top gated transistors and HfO2 gate dielectric [17]. 
Our device has a lower electron mobility most likely due to a much larger channel length, 
hence more Coulombic scattering from surface impurities on the channel. One of the 
early samples of a bulk MoS2 film and a thick (930 nm) silicon oxide, had an electron 
mobility of ~12 cm2/V·s for a channel length of 6 m and channel width of 100 m. The 
contacts were made from 30 nm Au on top of 30 nm Ti, and exhibited Ohmic contact. 
 
 
Figure 3.7: log Id vs. Vg plot of the back-gated MoS2 transistor [28] 
 
An additional experiment was performed on one of the thicker films of MoS2, to 
investigate a possible phase transformation from 2H to 1T. MoS2 has three polytypes, as 
previously discussed, the 2H and 3R polytypes which are semiconducting and naturally 
occurring, and the 1T polytype which is metallic and unstable. The large interlayer 
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separation in MoS2 provides good locations for metal ions such as Li
+, Na+, and K+ 
through a process known as intercalation. The intercalation of layered materials such as 
graphite and MoS2 have been studied for applications in energy storage and 
electrocatalysis. In one of the thicker MoS2 films we performed lithium intercalation to 
see if we could shift our MoS2 sample from semiconducting to metallic. A 1 M lithium 
nitrate (LiNO3) aqueous solution was prepared and 1-10 μL of solution were placed with 
a dropper on the MoS2 film between the source and drain contacts. After five minutes, the 
drain current vs. drain voltage measurement was taken and the data plotted in figure 3.8. 
Prior to intercalation the drain current was low, on the order of 10-10 A. After the Li 
intercalation, the drain current increased 105 for the same input voltage, indicating a 
possible change from semiconducting to metallic. Recent work shows large reduction in 
sheet resistance when Li intercalation was performed on MoS2 flakes [57]. Our data also 
shows a large change in resistance, based upon the change in drain current, after Li 
intercalation of the ALD grown MoS2 film. Band structure and density of states 
calculations, performed by others, show that the gap between the conduction and valence 
bands comes together to contact at the K point (see figure 3.9), at which point the film 
becomes metallic [58, 59]. 
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Figure 3.8: MoS2 Id-Vd with and without Li intercalation 
 
 
The experimental data of our bi-layer MoS2 sample exhibits data consist with 
findings from other work with exfoliated flakes and CVD grown films. The electron 
mobility was relatively low due to Coulombic scattering by surface impurities from the 
large channel, however we have demonstrated that ALD grown MoS2 films possess the 
same electrical properties. Low resistance contacts using the low work function metal Ti, 
exhibited an Ohmic contact, which is important for better electron injection and improved 
device performance. Further experimental data with Li intercalation exhibits a possible 
phase change which can be useful in energy storage applications. 
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3.3 WSe2 Electrical Data 
 
The electrical properties of the ALD grown WSe2 films were examined and 
shown to be much improved over those of MoS2. The transistors generally had sharper 
turn on and higher Ion/Ioff ratios than the MoS2 transistors. The WSe2 back-gated FETs 
were created with varying channel lengths like those shown in figure 3.2. Several devices 
were fabricated with various metals for the contacts, to characterize the electrical 
properties of WSe2 with each metal. The formation of low resistance metal contacts is 
one of the biggest challenges to creating high performance semiconducting devices to 
take advantage of the exceptional electronic properties of the TMD films. For this reason, 
several metals were chosen to test with WSe2 films. Since WSe2 is a p-type material, 
metals with high work functions close to the valence band of WSe2 would create lower 
resistance contacts due to lower Schottky barrier heights. We also tested lower work 
function metals to understand the n-type characteristics of the film. The metals used were 
Ni, Au, Pd, and Ti, deposited via electron beam deposition each about 30 nm thick. 
Silicon oxide thickness was between about 30 to 60 nm allowing for a much smaller gate 
voltage to turn on and control the device. Channel lengths were 2 to 10 m with a 
channel width of 100 m. 
After the devices had metal deposited, a series of electrical tests were then 
performed. Since the insulating silicon oxide layer was very thin, Id-Vd profiles between 
top source/drain electrodes and back gate electrode were performed to determine onset of 
leakage current for each device. Subsequent gate voltages were kept far below this value 
to prevent excessive gate leakage. Source to drain Id-Vd profiles were collected with no 
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applied gate bias, to determine the type of contact with each metal. Most of the metals 
exhibited Schottky type contact, as expected, due to Fermi level pinning at the 
semiconductor metal interface, however a few samples exhibited Ohmic contact behavior 
when Au was used (see Fig. 3.9). A few samples were annealed with selenium after the 
metallization process to lower the contact resistance to determine any effect on carrier 
mobility. The samples were annealed in a Se vapor at about 5 Torr for 1.5 hours at 500 
C. One of the samples with Ni contacts exhibited Ohmic behavior after the annealing 
process, as shown in figure 3.10, while the sample with Pd contacts still exhibited 
Schottky behavior, albeit with higher current after the anneal. The interfaces between 
contact metals and 2D materials generally have some Schottky barrier, however the post 
metallization annealing is believed to have changed the interface between the metal and 
the semiconductor film allowing for Ohmic contact [60, 61]. The drain current shown in 
figure 3.10 is clearly higher after the anneal process indicating a lower resistance. Unlike 
the high work function metals, when low work function Ti was used, strong Schottky 
behavior was exhibited as expected [54]. Figure 3.9 shows the Id-Vd profile of a few 
devices with the different contact metals. The Ohmic behavior seen with Au contacts is 
due to the high work function of Au (~5.4 eV) being close to the valence band of WSe2, 
creating a small Schottky barrier and lowering resistance. When Pd and Ni were used as 
the contact metal, a slight Schottky behavior was exhibited. The work functions for Ni 
(~5.04 eV) and Pd (~5.22 eV) are relatively close to each other but lower than Au, and 
further away from the WSe2 valence band, which explains the slight Schottky behavior. 
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The strong Schottky behavior seen with Ti is due to its much lower work function (~4.3 
eV) compared to the other metals used. 
 
 
Figure 3.9: Id-Vd profiles for different metal contacts with WSe2 [41]. 
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Figure 3.10: Id-Vd profile of Pd and Ni contacts before and after post-metallization 
anneal. Id increases for the same Vd indicating lower resistance post metal anneal. 
 
Further analysis of the metal-semiconductor junction was performed by 
calculating the contact resistance of the metal to the semiconductor film. To perform this 
calculation, we consider the geometry of a simple resistor that has two contacts, one at 
each end of the resistor. The total resistance consists of the resistances of the two metal 
contacts (Rm), the resistance of the two metal/semiconductor interfaces (RC), and the 
resistance of the semiconductor (Rsemi). The equation would for this would be; RT = 2Rm 
+ 2Rc + Rsemi. Since the resistance of the metal is so low compared to the contact 
resistance, Rm can be ignored. The semiconductor resistance is; semi S
L
R R
W
 , or after 
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substitution, 2ST C
R
R L R
W
   . If resistors of several different lengths are constructed, 
and keeping all other dimensions the same, the total resistance can be measured and 
plotted. If we take the limit as L goes to zero (zero length resistor), the remaining 
resistance will be just twice the contact resistance, which can be found from the graph of 
figure 3.13 by extrapolating L back to zero. The measurements were taken using one of 
the transfer length method (TLM) structures shown on the right side of the devices as 
seen in figure 3.2, and using the equations (3.2) for TLM calculations.  
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y-intercept
2(slope)
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T
c C T
Rc
R slope W
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R L W

 


   (3.2) 
   
RC is the contact resistance of the metal contact to the semiconductor film, RS is the sheet 
resistance of the semiconductor film, W is the width of the TLM contact (500 μm in our 
sample), LT is the transfer length (average distance an electron or hole travels in the 
semiconductor underneath the contact before it flows up into the contact), and ρc is the 
contact resistivity between the contact and the semiconductor. Drain voltage was swept 
from 0 to 5 V while drain current was measured between two adjacent contacts of the 
TLM structure (Fig. 3.11) and plotted on the Id-Vd curve shown in figure 3.12.  
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Figure 3.11: Drawing of TLM structure from figure 3.2 
 
 
Figure 3.12: Measured resistance between the Au contacts of the TLM structure for WSe2 
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Resistance between each TLM contact is the inverse slope of the curve of each line 
shown in figure 3.12. The resistance is then plotted vs. distance (dimension L in Fig. 
3.11) between the TLM contacts (Fig. 3.13). The y-intercept (circled in red) of the plot is 
twice the contact resistance.  
 
 
Figure 3.13: WSe2 contact resistance plot 
 
The resistance measurement results from one of the WSe2 samples with Au contacts are 
shown in figure 3.13. The channel lengths were created to be 20, 40, 60, 80, and 100 m. 
These resistances were then plotted as shown in figure 3.13 and a trend line of those 
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semiconductor film as a secondary benefit. From the plot in figure 3.13, it was found that 
the contact resistance for Au was about 650 ohms, which is a contact resistivity (c) of 
1.1 x 10-2 ·cm2. These same measurements were performed with Ni and Pd and 
measured to be about 150 k and 27 k, or c equal to 4.4 ·cm2 and 0.27 ·cm2 
respectively. The higher resistance values for Ni and Pd clearly explain the Schottky 
behavior in those two metal contacts, while Au has a much more Ohmic behavior due to 
the lower contact resistance. If these were Schottky contacts, then the I vs V plots of 
figure 3.12 would not be linear. 
Next, the dependence of the drain current on the gate voltage was examined. The 
drain current versus gate voltage profile of a device of gate length 2 m with Pd 
electrodes is shown in figure 3.14. Using a drain voltage of 0.1 V and sweeping the gate 
voltage, the forward and reverse gate response shows an ambipolar characteristic, which 
has been seen using Pd and Ni as contact metals [62, 63]. This is the same sample whose 
TEM profile is shown in figure 2.10. The effective mobilities () were calculated from 
the linear plot of this curve using equation 3.1. The hole and electron mobilities for this 
device were determined to be 354 cm2/V·s and 531 cm2/V·s respectively. The mobility 
values for this device were found to be the median values of all the devices tested, and 
the hole mobility is comparable to that reported for CVD grown and exfoliated few-
layered WSe2 films [64, 65]. When the Au electrodes were used, the device turn-on was 
not as sharp, and the hole and electron mobilities were determined to be slightly lower. 
Although the contact was Ohmic, Pd contacts have lower tunnel and Schottky barriers 
than Au [54, 66]. In the case of the Ti and Ni electrodes, the currents were in the A 
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range and the carrier mobilities were much lower: the electron mobilities were 21 (22) 
cm2/V·s and the hole mobilities were 5 (17) cm2/V·s for Ti (Ni). The drain current versus 
gate voltage profile for the device with Ni contacts, shown in figure 3.15, had a gate 
length of 6 m and an insulating layer of silicon oxide 320 nm thick. The curve shifted 
slightly to the left with the Ni contacts as compared to the device with Pd contacts 
because Ni favors electron injection. The ambipolar transfer characteristics in these 
devices are similar to WSe2 FETs created from exfoliated flakes with Ni as the source 
and Pd as the drain contact [63]. 
 
 
Figure 3.14: Plot of the field effect current vs. the back-gate voltage showing ambipolar 
behavior with Pd contacts [41] 
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Figure 3.15: Plot of the field effect current vs. the back-gate voltage with Ni contacts  
 
The electrical performance of our WSe2 devices was exceptional, and shows the 
potential for creation of good quality semiconductor devices using ALD. The WSe2 
devices exhibited large on/off ratios, high field effect mobilities and large current 
carrying capacity. Use of the proper contact metal is vitally important as seen in the 
contact resistance and mobility values exhibited with the various metals. 
3.4 WS2/SnS Heterostructure Electrical Data 
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layer of silicon oxide ~930 nm thick. Optical lithography was used to pattern source and 
drain contacts, like that in figure 3.2. Contacts were created by electron beam (sputtering) 
deposition of 30 nm of Ti followed by 30 nm of Au. Since WS2 is an n-type material, the 
low work function metal Ti was deposited as the contact. Au was put on top of Ti to 
prevent oxidation. Ag was used for the wafer backside contact as the gate bias, creating 
back-gated field effect transistors. With the gate bias set to zero, Id-Vd profiles were 
recorded and plotted in figure 3.16. The curve is a near-linear profile, indicating Ohmic 
contact. 
 
 
Figure 3.16: Id-Vd curve of WS2 with Ti contacts 
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Next, the dependence of the drain current (Id) on the gate voltage (Vg) was examined and 
data plotted in figure 3.17. The data shows nearly 105 Ion/Ioff ratio. The field effect 
mobility was extracted from the linear region of the curve using the equation 3.1, where 
Vd is the drain voltage (0.1 V), C is the gate capacitance per unit area, and L and W are 
the channel length and width, 6 μm and 100 μm respectively. The WS2 transistor with 
Ti/Au contacts, which is dominated by electrons, displayed an n-type transport with 
mobility of 12 cm2/V·s. 
 
 
Figure 3.17: Transfer characteristics of a WS2 FET [47] 
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SnS was also independently grown, via ALD, on top of a layer of silicon oxide 55 
nm thick, and source and drain contacts were created using optical lithography. Contacts 
were created by electron beam deposition of 30 nm thick Au, and Ag was used for 
backside metal contact. Au was used as the contact metal because SnS is a p-type 
semiconductor and so metals with high work functions are required to form Ohmic 
contacts. With the gate bias set to zero, the Id-Vd profile was recorded and plotted in 
figure 3.18 and exhibits a strong Schottky contact. The drain current versus gate voltage 
was then examined and plotted in figure 3.19, which exhibits p-type behavior of SnS. The 
gate length (L) and width (W) was 6 μm and 100μm respectively, while the drain voltage 
(Vd) was 0.3 V. The plot shows an Ion/Ioff ratio of nearly 10
6, and an effective field effect 
mobility of 818 cm2/ V·s which was extracted from the slope of the curve in the linear 
region of the plot. These are among the highest values recorded for SnS films. Ion/Ioff 
ratios of 106 are well suited for the next generation FET devices since the desired Ion/Ioff 
ratio for any silicon replacement FET is from 104 to 107 [67]. An Ion/Ioff ratio of 10
6 
demonstrates that the off-state current is low compared to the on-state current, signifying 
less current leakage in the off-state and higher performance when the transistor is turned 
on. This gives more control over the gate and therefore better transistor performance. 
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Figure 3.18: Id-Vd curve of SnS with Au contacts 
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Figure 3.19: Transfer characteristics of an SnS FET [47] 
 
 After characterizing the individual films WS2 and SnS, the electrical 
characteristics of the heterostructure film of six layers alternating 3 layers each of WS2 
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section 2.5, on a layer of silicon oxide ~360 nm thick. Back-gated FETs were created 
using the same process as previously described, and the contacts were made with 30 nm 
of Au via electron beam deposition. Au was used as the contact metal because the top 
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Schottky barrier and allow for improved hole transport. With the gate bias set to zero, the 
Id-Vd curve was plotted (Fig. 3.21), indicating Schottky contact. 
 
 
Figure 3.20: Id-Vd curve for WS2/SnS heterostructure 
 
The drain current versus gate voltage was then examined and shows an ambipolar 
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attributed to the resistance of hole transport through the layer boundaries of SnS due to its 
alignment with respect to WS2 as described in section 2.5. This is consistent with the 
reported significant decrease in mobility of holes traveling from parallel to perpendicular 
direction of the van der Waals layers [8, 48]. The Ion/Ioff ratio for this device was found to 
be 105, which is one of the highest recorded for heterostructure devices. 
 
 
Figure 3.21: Transfer characteristics of the heterojunction FET [47] 
 
3.5 Summary 
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via ALD compared to those created with other methods. Most of the electrical data 
collected in literature has been from exfoliated samples, with some limited data from 
other deposition or growth methods. The MoS2 electrical data collected used larger 
device dimensions than the later samples of WS2, SnS, and WSe2, and therefore the 
device characteristics were less impressive, but still matched to literature. Due to the 
larger gate lengths, the impact of coulombic scattering limited the measured mobility of 
the MoS2 devices, however the electrical data shows that ALD grown MoS2 can create 
devices with suitable device performance. 
WSe2 electrical data was an improvement over the MoS2 samples grown. These 
films had higher mobilities and larger Ion/Ioff ratios than the MoS2 films that were grown. 
The WSe2 films were grown on top of thin silicon oxide which allowed for smaller gate 
bias voltages to be used to control the device. Smaller channel lengths allowed for better 
response to signals and eliminated any fringing effects due to the high ratio of channel 
width to length. Several different metals were used to create the contacts of the WSe2 
devices to determine which metal provided better contact. In our samples Au produced 
the lowest contact resistance, however the device performance using Pd as the contact 
metal was better than transistors with the Au contacts. This most likely was due to an 
interface covalent bond of Pd with WSe2 which reduces the Schottky barrier height and 
improves performance. Ni had Schottky contact as expected, but when an anneal step was 
performed after metallization, the contact became Ohmic, suggesting that a change of 
contact interface between the film and the metal or larger grain size of the metal film. 
One possible model for this change is that the bond between the metal and the film 
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formed an interface covalent bond, reducing the resistance and making a more Ohmic 
contact. It has been shown that annealing after metal deposition on graphene reduces 
contact resistance which leads to Ohmic contacts [61]. Ti with its low work function had 
the strongest Schottky behavior, as expected. The Id-Vd curves of the short channel 
devices (2 m gate length) with Pd contacts had superior electrical performance over the 
other metal contacts. The devices with Ni contacts also provided good device 
performance, but the drain current was about one order of magnitude lower than devices 
with Pd contacts. Ni also shows improved electron injection and reduced hole injection 
but Pd clearly shows the better performance. 
The electrical data for the individual films WS2 and SnS showed n-type and p-
type behavior respectively. Although the high work function metal Au was used as the 
contact for SnS, there was still a Schottky type contact to the SnS film. This was seen on 
the individual film as well as the heterostructure device. The field effect mobility of the 
WS2 film was much less than the SnS film, however when the films were combined, the 
SnS mobility was significantly reduced while the WS2 mobility increased, due to the 
carrier transport through the interface. Good ambipolar characteristics were seen from the 
device, which is needed to create n-FET and p-FET devices without the need for difficult 
doping methods. 
Overall, the electrical characterization of several TMD films show that high 
quality devices made from atomically thin films using ALD, can be fabricated, and that 
the device performance is equal to or better than those reported in literature. 
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Chapter IV: Density Functional Theory 
 
4.1 Introduction and Theoretical Background 
 
The structural and electronic properties of TMDs were investigated based upon 
first principles calculations within the framework of density functional theory (DFT), and 
then compared to the experimental data discussed in previous chapters. Quantum 
mechanical simulations can be seen as a bridge between experiment and theory, 
especially those based upon first principles methods, because they not only help to 
explain experimental results, but can also predict properties of new materials or new 
structures with a great degree of accuracy. A comprehensive analysis on the 
computational aspects of DFT can be found in “Electronic Structure: Basic Theory and 
Practical Methods” by Richard M. Martin [68]. 
To understand the mechanics of DFT, we first step back and look at some 
elementary quantum mechanics. In quantum mechanics, all the possible information 
about a system is contained in the system’s wave function, . At this point our only focus 
will be on the electronic structure of atoms, molecules, and solids. The nuclear degrees of 
freedom are in the form of a potential υ(r) that acts on the electrons, and therefore the 
wave function, depends only on the electronic coordinates. The Hamiltonian for the 
system of electrons and nuclei is; 
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where the first term of the equation, 
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   , is the kinetic energy for the electrons. 
The second term, 
2
,
l
i l i I
z e


r R
 , is the potential acting on the electrons from the nuclei. The 
third term,  
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 , is the electron-electron interaction. The final term, 
22
2 1
2 2
I J
I
l I JI I J
Z Z e
M 
 

 
R R
 , is the classical interaction of the nuclei acting with each 
other and their kinetic energy. The electrons are denoted by lower case subscripts and the 
nuclei, with charge ZI and mass MI are denoted by upper case subscripts. This first-
principles approach gives access to the complete many-electron system. Unfortunately, 
the number of particles in a solid makes a full quantum mechanical treatment of this 
system impossible. If we take a first approximation, and regard the 1/MI term in equation 
4.1 as very small, by setting the mass of the nuclei to infinity as compared to the electron, 
then the kinetic energy of the nuclei can be ignored. This is known as the Born-
Oppenheimer approximation, which assumes that the massive nuclei move so much 
slower than the electron that it can be ignored. The Born-Oppenheimer approximation 
provides a major simplification to the complicated many-body problem by transforming 
it into the solution of the electronic dynamics in some frozen configuration of nuclei. 
This simplifies the Hamiltonian to;  
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which unfortunately is still impossible to solve because of the large number of electrons. 
Therefore, we need further approximations to perform efficient and accurate total energy 
calculations. 
 The fundamental tenant of density functional theory, proposed in 1964 by 
Hohenberg and Kohn [69], is that any property of a system of many particles can be 
viewed as a functional of the ground state density. This means the scalar function of 
position, in principle, determines all the information in the many-body wave function for 
the ground and all excited states. A year later Kohn and Sham [70] replaced the difficult 
interacting many-body system following the Hamiltonian equation 4.1 with a different 
auxiliary system that can be solved more easily. The Kohn-Sham ansatz is that the 
ground state density of the original interacting many-body system is equal to that of some 
chosen non-interacting system. This leads us to independent particle equations for the 
non-interacting system that are exactly soluble by incorporating all the many-body terms 
into an exchange-correlation functional of the density. By solving the equations, we find 
the ground state density and energy of the original interacting system with an accuracy 
limited only by the approximations in the exchange-correlation functional. 
The success of practical, approximate exchange-correlation functionals makes 
DFT the most widely used method for electronic structure calculations. The crucial 
quantity in the Kohn-Sham approach is the exchange-correlation energy which is 
expressed as a functional of the density. The quantum mechanical exchange correlation 
energy, which contains the many-body contributions, is a small fraction of the total 
energy, and although not known exactly, it can be approximated very accurately. One of 
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the most widely used and simple functionals is the local density approximation (LDA). 
Kohn and Sham pointed out that solids can often be considered a homogenous electron 
gas where the nuclei are replaced by a uniform positively charged background, which has 
the same total density as the overall density of the original matter. The LDA is where the 
exchange-correlation energy is simply an integral over all space with the exchange-
correlation energy density at each point assumed to be the same as the homogenous 
electron gas with that density. LDA was further expanded upon and led to the 
development of the Generalized-gradient approximation (GGA). The GGA includes a 
functional of the magnitude of the gradient of the electron density and tends to improve 
total energies, atomization energies, energy barriers and structural energy differences 
[71]. 
The Kohn-Sham equations provide the framework for finding the exact density 
and energy of the ground state of a many-body electron problem using standard 
independent particle methods. These equations are a set of Schrödinger like independent 
particle equations which must be solved subject to the condition that the effective 
potential and density are self-consistent. Solving the Kohn-Sham equations is an iterative 
process in which the given input potential is used to determine an output density. Only at 
the exact solution do the input and output densities and potentials agree. The cycle is 
stopped when some predetermined convergence criterion is reached. A schematic 
representation of the self-consistent loop for solution to the Kohn-Sham equations can be 
seen in figure 4.1. Despite the simplification of the original many-body problem to a 
single particle problem, two difficulties remain for practical and efficient computations to 
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be performed; a wavefunction must be calculated for each of the ~1023 electrons in the 
system, and the correct description of the electronic wavefunctions, that extend over the 
entire solid, requires and infinite basis set. 
 
 
Figure 4.1: Schematic representation of the self-consistent loop of the Kohn-Sham 
equations [68] 
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Since the TMDs are a crystalline solid, they are an ordered state of matter where 
the positions of the nuclei are repeated periodically in space. The crystal is specified by 
the types and repetitions of the nuclei in one repeated unit called the primitive unit cell. 
The position and types of atoms in the primitive cell are called the basis and this set of 
translations that generate the periodic crystal by repeating the basis is a lattice of points in 
space called the Bravais lattice. These set of translations forms a group called the space 
group. Due to the periodicity of the crystal structure, a periodic potential exists and enters 
into the Schrödinger equation for independent particles as; 
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where the electrons are no longer free electrons and V(r) has the periodicity of the crystal. 
This leads us to the Bloch theorem, which states that the eigenstates ψ of the Hamiltonian 
H  can be chosen to have the form of a plane wave    ie u  k rk kr r  , where k is a 
vector in the first Brillouin zone and uk(r) is periodic. Electronic states are only allowed 
at these k points imposed by the boundary conditions. The density of these k points is 
proportional to the volume of the solid, but only a finite number of electronic states are 
occupied at each k point. Bloch’s theorem has converted an infinite number of electronic 
wavefunctions of an extended system into a finite number of electronic wavefunctions at 
an infinite set of k points. 
4.2 Quantum ESPRESSO 
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Density functional theory (DFT) provides a powerful tool for the computational 
analysis of the quantum state of atoms, molecules and solids, and of ab initio molecular 
dynamics. Quantum ESPRESSO (open Source Package for Research in Electronic 
Structure, Simulation and Optimization) [72] is an integrated suite of computer codes 
used for the electronic structure calculations and materials modeling based upon density 
functional theory, plane wave basis sets and pseudopotentials to represent electron-ion 
interactions. This research characterized the electronic properties of MoS2 and WSe2 
using the Quantum ESPRESSO package in the framework of density functional theory. 
Ultrasoft pseudopotentials as well as the generalized gradient approximation exchange-
correlation functionals were used in all calculations. 
4.3 Electronic Structure of MoS2 
 
MoS2 is a layered 2D material of a class of materials called transition metal 
chalcogenides (or dichalcogenides since there are two chalcogen atoms). The structure 
consists of two hexagonal planes of the chalcogen atoms, sulfur, separated by the metal 
atom molybdenum. The sulfur and molybdenum atoms are covalently bonded, while the 
S-Mo-S units are stacked on top of each other and held together by weak van der Waals 
forces. MoS2 exists predominately as three polytypes (or stacking arrangements), 1T, 2H, 
and 3R. The 1T phase is unstable and therefore the least common. The 2H and 3R phases 
are naturally occurring and identical in structure, with the difference being the stacking of 
the monolayers (Fig. 4.2). The 2H phase has hexagonal symmetry having the two 
monolayers per unit repeat, while the 3R phase has rhombohedral symmetry with three 
monolayers per unit repeat. The 3R phase can be transformed to 2H upon heating [73]. 
82 
 
The 2H phase is the predominant polytype because it is the most stable in nature. The 
MoS2 bulk unit cell belongs to the P63/mmc space group and the lattice constants are a = 
3.16 Å and c = 12.295 Å. 
 
 
Figure 4.2: (a) Monolayer MoS2 (b) 2H polytype (c) 3R polytype [74]. 
 
The applications of MoS2 in electronic and optoelectronic devices are directly 
dependent upon its electronic properties such as its electronic band structure and density 
of states. The band structure of MoS2 plays a critical role in understanding the electron 
nature and electronic transport in atomically thin films. The band diagram represents the 
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energy levels as solutions to the Schrödinger equation for different k-points. The band 
structure is plotted along the high symmetry direction of the Brillouin zone (BZ). The 
next few steps obtained by means of the DFT formalism discussed in section 4.1, are 
presented. 
To perform a DFT calculation of periodic structures, we first define the BZ 
sampling. The Bloch wave vector, k, of a given orbital could lie anywhere in the first 
Brillouin zone. In a general system, there should be, in principle, a set of orbitals for 
every possible value of k. The observables are calculated as an integral over all k-points 
in the first BZ, but in practice the integration is replaced by a weighted sum and we only 
deal with a finite set of k-points. These k-points are evenly distributed throughout the BZ 
according to the Monkhorst-Pack scheme [75]. The symmetry independent volume of the 
BZ, known as the Irreducible Brillouin Zone (IBZ), will be used. 
 
 
Figure 4.3: The first Brillouin zone of hexagonal unit cell and the IBZ 
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The denser the Monkhorst-Pack grid, the more complete and precise the 
calculated observables will be. Since the electronic wavefunction is represented as the 
infinite sum of plane waves, the more plane waves, the higher the accuracy, but it comes 
at a higher computational cost. The plane waves with lower kinetic energy have a higher 
contribution to the total energy, therefore using the plane waves with the lower energy 
that still give accurate information is important to find a good balance between accuracy 
and computational cost. To ensure sufficient sampling, energy convergence studies were 
performed with respect to the number of k-points and the kinetic energy cutoff value, 
Ecut. This data is plotted in the graph of figure 4.4. As can be seen in the graph, increasing 
the number of k-points above 242 does not lower the total energy significantly, therefore 
using a 11x11x2 k-point grid yields precise results at a lower computational cost. 
Increasing Ecut beyond 40 Ry (~544 eV) does not affect the total energy significantly and 
therefore the cutoff energy was set to 40 Ry. Once the k-point grid and energy cutoff 
values have been determined, calculations can begin as follows; 
1. Self-consistent field (SCF) calculations are performed using Quantum 
ESPRESSO. The SCF calculations give the self-consistent electron density. 
2. After the electron density is obtained, the exchange correlation functionals are 
obtained and a non-SCF calculation is performed using the full set of k-points 
in the BZ. 
85 
 
3. The next step takes the Quantum ESPRESSO results and passes them along to 
the WanT program for disentangle procedure where the selected number of 
Wannier functions will be extracted for further localization. 
4. WanT then performs the localization and disentanglement procedures for the 
requested set of Wannier functions. 
5. Bands are then calculated by computing the interpolated electronic band-
structure of the system along the selected direction in the BZ. 
6. The density of states is then computed interpolating the band-structure by 
means of the Wannier functions. 
The bulk transmittance is calculated from the results obtained in step 4 and is shown later 
in this section. 
 
 
Figure 4.4: Cutoff energy and k-point convergence study. Inset shows small difference 
with increasing number of k-points. 
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Band calculations and orbital projected density of states (PDOS) calculations 
were made for monolayer, bilayer and bulk thickness of MoS2. The electronic structure 
band diagram is shown in figure 4.5. The results are very closely matched with those 
published by several other groups [76-79]. In each band diagram, the red line indicates 
the bottom of the conduction band and the blue line is the top of the valence band. The 
difference between the conduction band minimum (CBM) and the valence band 
maximum (VBM) points indicates the energy band gap. The red arrow indicates the 
smallest value of the indirect bandgap for bulk and bilayer and the direct bandgap for the 
monolayer. The bandgaps measured were ~1.3, 1.5, and 1.84 eV for bulk, bilayer and 
monolayer respectively. These values match closely with those found experimentally 
[80]. To characterize the bandgap for the bilayer for the film in figure 2.4, lattice 
parameter c was set to 13.1 Å, consistent with AFM measurement for our film. The 
bandgap for the bilayer sample shown in figure 2.5, measured ~1.6 eV with PL, which is 
slightly higher than the theoretically calculated value of 1.5 eV. One possible explanation 
of this small difference is the underestimation of the bandgap of DFT within LDA or 
GGA, due to factors such as self-interactions, which is well-known, however the 
theoretical results are close to our experimental data.  
The conduction band states at the K point are mainly due to the localized dx
2
-y
2 
and dxy orbitals of the Mo atoms which are relatively unaffected by the interlayer 
coupling since they are sandwiched between the S atoms. The states near the Γ point are 
due to combination of the antibonding pz orbitals of the S atoms and the dz
2 orbitals of the 
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Mo atoms. These have a strong interlayer coupling effect [81], so as the number of layers 
change, the direct exitonic states near the K point remain relatively unchanged, but the 
transition at the Γ point shifts from indirect to direct as the number of layers reduces to a 
single layer. The change in band structure with the number of layers is due to quantum 
confinement and the change in hybridization between the pz orbitals on S atoms and the 
dz
2 orbitals on Mo atoms [33]. Therefore, the absence of the interlayer coupling is the 
origin of the direct bandgap of single layer MoS2. This direct bandgap transition opens 
exciting possibilities for optoelectronics. 
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Figure 4.5: Electronic band structure of bulk, bilayer, and monolayer MoS2. 
 
The comparison between bulk, bilayer, and monolayer projected density of states 
(PDOS) is shown in figure 4.6. From the figure, the electronic states near the Fermi level 
are mostly due to the out-of-plane 2zd  and in-plane dxy and 2 2x yd   states in Mo, while the 
pz state in S is predominate. This order of electronic states dominance does not change 
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going from bulk to monolayer. 
 
Figure 4.6: Calculated projected density of states (PDOS) of bulk, bilayer, and 
monolayer MoS2 for Mo(4d) and S(3p) states 
 
The electronic band structure and corresponding density of states of bilayer MoS2 
is shown in figure 4.7. Since the sample discussed in chapter 2 is a bilayer MoS2 film, the 
band structure and density of states for bilayer was investigated. The electronic band 
structure and density of states can be divided into three sets of bands and states 
respectively. The first set of bands around -14 eV is mainly due to the 3s orbital of the S 
atom which is separated by a large gap from the second set of bands. The second set of 
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bands just below the Fermi energy are mainly due to the S 3p and Mo 4d orbitals which 
shows strong hybridization as previously discussed. The third set of bands just above the 
Fermi energy has its main contribution from the Mo 4d orbital. 
 
Figure 4.7: Calculated band structure and orbital projected density of states (PDOS) for 
bilayer MoS2 
 
After completing the band structure and density of states calculations, we further 
investigate electron transport in a bilayer film. Transmittance calculations were 
performed as part of the WanT [82-84] code in Quantum ESPRESSO using maximally 
localized Wannier functions. WanT uses the plane wave ultra-soft pseudopotential 
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calculations with a Green’s function method that is based upon Landauer formalism to 
describe quantum conductance. The essential connection between the DFT calculations 
and the Green’s functions is the use of maximally localized Wannier functions to 
introduce the ground state electronic structure into the lattice Green’s function approach 
at the basis of the evaluation of quantum conductance. Bloch orbitals cannot be used 
directly to calculate electronic transport because they are delocalized. The Green’s 
function relies on localized orbital representations; therefore, the Bloch orbitals must be 
transformed into localized functions, known as the Wannier functions. This 
transformation is described in detail by Mazari and Vanderbilt [84]. Wannier functions 
are the solid-state equivalent of localized molecular orbitals and they provide a valuable 
insight to the chemical bonding that is otherwise missing from the Bloch picture of 
extended orbitals. In essence they are the real-space picture of localized orbitals. The 
Wannier functions for the Mo 4d and S 3p atoms calculated from the bilayer MoS2 film 
are plotted in figures 4.8 and 4.9. The isosurface plots shown are consistent with d and p 
orbitals and provide a qualitative picture of the electronic structure of bilayer MoS2.  
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Figure 4.8: Wannier functions of the Mo 4d orbitals for bilayer MoS2. Yellow and blue-
green isosurfaces correspond to positive and negative charge respectively. 
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Figure 4.9: Wannier functions of the S 3p orbitals for bilayer MoS2. Yellow and blue-
green isosurfaces correspond to positive and negative charge respectively. 
 
The bulk transmittance calculations were made using the Hamiltonian matrices 
calculated during the Wannierization process in the previous steps. The main output is the 
quantum transmittance across the MoS2 bilayer film. The theoretical quantum 
conductance output is given in units of 
22e
h
 (or 77.46 μS) and is plotted in figure 4.10. 
The complete picture with bands, conductance, and density of states is shown in figure 
4.11 and matches previous calculations found in literature [77]. 
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Figure 4.10: MoS2 bilayer film theoretical quantum conductance 
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Figure 4.11: MoS2 bilayer band structure, conductance, and density of states 
 
4.4 Electronic Structure of WSe2 
 
The electronic structure of WSe2 has many similarities to that of MoS2 and 
therefore some of the data will be similar. The WSe2 structure consists of two hexagonal 
planes of the chalcogen atoms, selenium, separated by the metal atom tungsten. The 
selenium and tungsten atoms are covalently bonded, while the Se-W-Se units are stacked 
on top of each other and held together by the weak van der Waals forces. WSe2 exists 
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predominately as three polytypes; 1T, 2H, and 3R, the same as MoS2. The 1T phase is 
unstable and therefore the least common. The 2H and 3R phases are identical in structure 
with the difference being the stacking of the monolayers (see MoS2 example in Fig. 4.2). 
The 2H phase has hexagonal symmetry with W atoms in a prismatic arrangement with 
the Se atoms, and the two monolayers per unit repeat, while the 3R phase has 
rhombohedral symmetry with three monolayers per unit repeat. The 2H phase is the most 
predominant polytype. The WSe2 bulk unit cell belongs to the P63/mmc space group. The 
W and Se atoms are larger than the Mo and S atoms, therefore the lattice constants are 
slightly larger with a = 3.282 Å and c = 12.96 Å. The electronic configuration of the W 
atoms is [Xe]4f145d46s2 and Se is [Ar]3d104s24p4. This causes a strong p-d interaction 
between the W and Se layers within each monolayer, while the interaction between the 
layers is only the weak van der Waals force. 
Prior to performing the band structure calculations, we had to determine the 
proper density of the Monkhorst-Pack grid that was used for calculating the 
wavefunctions. Following a similar methodology to that used for MoS2, energy 
convergence studies were performed with respect to the number of k-points and the 
kinetic energy cutoff value, Ecut. This data is plotted in the two graphs shown in figure 
4.12. As can be seen in the graph 4.12(a), increasing the number of k-points above 288 
does not lower the total energy significantly, therefore using a 12x12x2 k-point grid 
yields precise results with a lower computational cost. The energy convergence study for 
Ecut in the graph 4.12(b) shows that beyond 40 Ry (~544 eV) the total energy is not 
significantly reduced, therefore the cutoff energy was set to 40 Ry. Once the k-point grid 
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and energy cutoff values were determined, calculations were performed using the same 
procedure as in section 4.3. 
 
 
Figure 4.12: (a) k-point and (b) Ecut convergence study 
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Band calculations and orbital projected density of states (PDOS) calculations 
were made for monolayer and bulk WSe2. Since no film thicknesses fewer than about 
four layers were grown, only monolayer and bulk were compared so that the difference 
between bulk and monolayer can be shown. WSe2 is very similar to MoS2 in its band 
diagram (Fig. 4.13) in that it is a direct band gap semiconductor at the monolayer with the 
gap occurring at the K point. One key difference between MoS2 and WSe2 is the size of 
the spin orbit splitting due to the different size of the transition metal. WSe2 has a larger 
spin orbit coupling with the splitting of the VBM (valence band maximum) ~0.46 eV in 
monolayer while MoS2 spin orbit splitting is ~0.12 eV in the monolayer. The spin orbit 
physics of these materials are interesting because of the potential application in 
spintronics and optoelectronics, but is not investigated here. In bulk WSe2 the indirect 
gap occurs between the Γ and K point on the CBM and the Γ point at the VBM. The red 
arrow between the CBM and VBM in figure 4.13 indicates the band gap. In the case of 
the bulk WSe2 film the theoretical band gap is indirect at ~1.15 eV while the monolayer 
band gap is ~1.65 eV, which is consistent with previously reported values [65, 79, 85]. 
For WSe2 the transition from direct to indirect band gap differs by ~40 meV (~500 meV 
from monolayer to bulk) while for MoS2 that difference is ~360 meV (~700 meV from 
monolayer to bulk). 
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Figure 4.13: Electronic band structure of bulk and monolayer WSe2 
 
The comparison between bulk and monolayer projected density of states (PDOS) 
is shown in figure 4.14. From the figure, the electronic states near the Fermi level are 
observed to be mostly due to the out-of-plane 2zd  and in-plane dxy and 2 2x yd   states in W 
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at the conduction bands, while the pz state in Se at the valence bands is predominant. 
 
Figure 4.14: Calculated projected density of states (PDOS) of bulk and monolayer WSe2 
for W(4d) and Se(3p) states 
 
A side by side comparison of the electronic band structure and the orbital 
projected density of states (Fig. 4.15) shows that the states at the top of the valence band 
are a result of the Se p-orbitals, while the bottom of the conduction band is due to the W 
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d-orbitals. 
 
Figure 4.15: Calculated band structure and orbital projected density of states (PDOS) 
for bulk WSe2 
 
Transmittance calculations were performed for bulk WSe2 as part of the WanT 
code in Quantum ESPRESSO using maximally localized Wannier functions, following 
the same procedures as described in section 4.3.1 for MoS2. The Wannier functions for 
the W 5d and Se 4p atoms calculated from the bulk WSe2 film are plotted in figures 4.16 
and 4.17. The spherical symmetry is evident and the isosurface plots are consistent with d 
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and p orbitals and provide a qualitative picture of the electronic structure of bulk WSe2. 
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Figure 4.16: Wannier functions for the 5d orbitals for bulk WSe2. Yellow and blue-green 
isosurfaces correspond to positive and negative charge respectively. 
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Figure 4.17: Wannier functions for the 4p orbitals for bulk WSe2. Yellow and blue-green 
isosurfaces correspond to positive and negative charge respectively. 
 
The theoretical bulk transmittance calculations were completed for WSe2 and 
compared to the experimental conductance data calculated from the electrical data in 
figure 3.14 from our bulk WSe2 film. The theoretical conductance (transconductance or 
gm), 
DS
d
m
GS V
dI
g
dV
  , plot profile matched the experimental conductance plot very well, 
but is higher by a factor of about 100 (Fig. 4.18) because the experimental plot contains 
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resistance due to the metal contacts. The slight shift to the right of zero bias voltage is 
due to the p-type nature of the WSe2 film.  
 
 
Figure 4.18: Comparison of experimental and theoretical conductance of bulk WSe2 film. 
 
To compare the experimental data with the theoretical data, the theoretical conductance 
(G) was converted to resistivity with the following formula: 
12900
S
G


   , where 
12900 Ω is the quantum conductance and S is the shape factor. The shape factor is added 
because the calculations were made on a 6x6 hexagonal supercell and resistivity is unit 
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area, therefore, 6 6 3S    . The √3 factor is from the conversion of the hexagonal cell 
metrics into a rectangular structure. The contact resistances, Rc, for these devices were 
calculated for Pd and Ni contacts in section 3.3. The experimental contact resistance was 
added to the total resistance of the theoretical data and the theoretical conductance was 
recalculated and overlaid with the experimental conductance in the graphs shown in 
figures 4.19 and 4.20. For the device with Pd contacts, the theoretical and experimental 
curves fit very well. The experimental conductance for hole injection (left side of the 
curve) starts to increase just to the left of 0 V gate bias at about -0.3 V. The electron 
injection side (right side of curve) of the curve has a sudden increase in conductance at 
about 1 V. The fermi level of Pd is closer to the valence band of WSe2, reducing the 
height of the Schottky barrier and allowing for better hole injection, while the Schottky 
barrier height for electron injection into the conduction band is higher [63]. The 
theoretical vs. experimental conductance plot using Ni contacts is shown in the graph of 
figure 4.20. The contact resistance value calculated from the WSe2 FET with Ni contacts, 
was added to the total resistance of the theoretical data as described above. The 
experimental conductance matches well with the theoretical for the device with Ni 
contacts. The experimental conductance on the left side of the curve (hole injection) for 
the device with Ni contacts starts to increase at about -0.4 V compared to the increase in 
theoretical conductance at about -0.3 V, while the right side (electron injection) increase 
in conductivity for both theoretical and experimental is about 0.7 V.  
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Figure 4.19: Theoretical bulk conductance adjusted for Pd contact resistance as 
compared to experimental conductance from WSe2 sample. 
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Figure 4.20: Theoretical bulk conductance adjusted for Ni contact resistance as 
compared to experimental conductance from WSe2 sample 
 
There are several scattering mechanisms that can also affect the speed of the 
electrons and therefore conductance. The mobility at room temperature is predominately 
limited by phonon scattering [86]. In this mode, the electrons (or holes) make frequent 
collisions with the vibrating atoms of the lattice and scattering increases with increasing 
temperature. Another key factor impacting scattering is carrier mass. Since the electron 
mass is smaller than the hole mass, the electrons accelerate faster and therefore are more 
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likely to scatter [6]. This is also known as lattice scattering. At low temperatures, 
scattering from defects and impurities are the dominating scattering mechanism, however 
for our devices this is unlikely since the measurements were taken at room temperature. 
Another scattering mechanism is surface roughness scattering which can occur at the 
surface of the semiconductor if it is not pristine and free of dangling bonds. This has been 
seen in CVD grown WSe2 films [87] due to grain boundaries that were created during the 
growth process. The WSe2 films grown in this research were smooth with no obvious 
visible grain boundaries and therefore scattering from grain boundaries is less likely for 
these devices. Another surface roughness scattering issue occurs when high gate fields 
(>1 MV/cm) drive carriers closer to the semiconductor surface causing them to scatter 
with dangling bonds [88]. Due to the van der Waals bonds, the surface is free of dangling 
bonds making the device less susceptible to this type of scattering. Considering the 
Schottky barrier height differences and potential effects due to possible phonon 
scattering, we find that conductance of the experimental device compares very well with 
the theoretical once the contact resistance from the experimental FET is included. Figure 
4.21 shows the complete electronic band structure, quantum conductance, and density of 
states for a bulk layer film. 
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Figure 4.21: WSe2 bulk film band structure, conductance, and density for states 
 
The electronic structure of WSe2 has been characterized by DFT methods with the 
relevant physics and properties reviewed. Calculations were performed to show the band 
gap, density of states, and the conductance. The band gap was shown to be indirect for 
bulk material but becomes direct band gap at the monolayer. The PDOS calculations 
show the main contribution to the electronic performance is due to the d orbitals of W 
and the p orbitals of Se atoms. The relative position of the d orbitals plays an important 
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role when choosing a contact metal. A metal with a high work function such as Pd, which 
has full 4d shells and is near Ef, overlaps and strongly hybridizes with the valence bands 
of WSe2. This is what gives Pd nearly Ohmic contact as seen in figure 3.10. The 
theoretical conductance data matches closely with that found previously in literature [66] 
and closely matches the experimental data when contact resistance is accounted for. 
4.5 Summary 
 
Quantum mechanical modeling under the framework of density functional theory 
provides a very useful tool for the understanding of the nature of periodic crystal 
structures such as the TMDs. Electronic structure simulations based upon density 
functional theory is fundamental to providing a deeper understanding of the nature, as 
well as the predictability of these materials. The modeling performed in this research was 
used to show the electronic band structure of two primary materials, MoS2 and WSe2, 
from monolayer to bulk thickness. The band structure provided useful information about 
these films, such as the magnitude of the band gap and whether the material is direct or 
indirect. Both MoS2 and WSe2 are shown to be direct band gap semiconductors at the 
monolayer and indirect band gap in bulk film. The differences between band gaps of the 
TMDs are due to several factors, such as the size of the metal atom and energy of the 
metal atom d orbital, the p orbitals of the chalcogen atoms and bond length of the metal 
to chalcogen atom [89]. The projected density of states plot shows the number of 
available states for electrons to occupy, projected onto atomic orbitals. These plots reveal 
which shell (s, p, d, f) and orbital of a specified atom contributes the most to the total 
density of states. The data from these plots and the projected density of states shows that 
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Mo and W d orbitals contribute to the states near the conduction band while the S and Se 
p orbitals contribute to the states near the valence band. These factors explain why Ti 
with its low work function work best for MoS2 while Pd and Au with their high work 
functions work best for WSe2 to create Ohmic contacts. From the previous calculations, 
quantum conductance calculations were performed which showed good correlation to the 
experimental data after fitting resistance of experimental data to the theoretical values. 
The quantum mechanical modeling has proven to be a very valuable tool, enabling a 
complete and thorough understanding of the electronic structure of the TMDs. 
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Chapter V: Conclusions and Future Work 
 
5.1 Conclusions 
 
The need for new materials that can replace silicon as the gate channel material is 
becoming clear as we continue to reduce transistor dimensions. As discussed in chapter 
one, TMDs are a promising family of layered materials that have the necessary properties 
to be used as a gate channel material. With their many remarkable electronic properties, 
these materials have great potential as a future option for advanced semiconductor 
processes. The advantages of using TMD films have been discussed, and the need to fully 
investigate them is clear.  
Atomic layer growth of several of the transition metal dichalcogenides (MoS2, 
WSe2, WS2, SnS and heterostructure WS2/SnS) was demonstrated using atomic layer 
deposition. The physical characterizations that were performed, demonstrated that these 
films possess the same unique characteristics seen in literature with several other growth 
techniques, however we show that high quality atomically thin layers of TMD films can 
be grown over a large area using ALD. Most of the research into these materials is from 
data obtained from small flakes or small area films, which has given great insight into the 
properties of these materials, however to be useful for future semiconductor technology, 
ALD is a necessary deposition technique that must be investigated. The ability to grow 
these films using ALD is the key component of this research, and it has been 
demonstrated with several TMD films. Once these TMD films were grown, it was 
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necessary to create back-gated FETs to test the electrical characteristics they possess, so 
that we can understand if they possess the same properties as other methods.  
Electrical tests were performed that provided data for several FET devices and 
show key important electrical characteristics of these films. The films exhibited 
moderately high current on/off ratios, high field effect mobilities, photoluminescence, 
and direct/indirect bandgaps. The electrical data has shown that these films exhibit the 
necessary characteristics required to be used as a gate channel material and enable further 
scaling of semiconductor devices.  
To better understand these films and to gain further insight into their atomic level 
properties, quantum mechanical modeling was performed. This study contributed to the 
physical and electrical data analysis by performing quantum mechanical modeling using 
the Quantum ESPRESSO and WanT program suites to perform electronic structure and 
transport calculations, and then compare those to the experimental data from devices 
characterized. The 2D materials analyzed during the modeling also showed the electronic 
structure band diagrams with the direct and indirect bandgaps of the two modeled films 
MoS2 and WSe2. It also showed that the band gap gets larger as the film thickness is 
reduced in both MoS2 and WSe2. When comparing WSe2 theoretical conductivity to the 
experimental conductivity from one of our devices, we see the experimental data matched 
very well with theoretical data once the resistance from metal contacts was applied to the 
theoretical. The modeling provided a nice bridge from the theoretical to the actual data 
and further confirms that ALD grown TMD films do indeed possess the necessary 
properties to be useful in advanced semiconductor material research. 
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Research into TMDs is growing rapidly, even producing new journals such as 2D 
Materials which was created specifically for publishing fundamental and applied research 
on graphene and related 2D materials. There is still much to learn from the study of these 
materials. The research that has been presented in this work resulted in three peer 
reviewed publications on TMDs [28, 41, 47], and several invitations for presentations. 
5.2 Future work 
 
One of the challenges with using TMDs as a semiconductor gate channel material 
is that they are intrinsically either p- or n-type. As discussed in chapter three, there is a 
need to be able to either dope the film, or to grow heterostructures to obtain p- or n-type 
devices. One of the areas of future work should be to further investigate multiple types of 
heterostructures and the ability to grow them using ALD. This research focused on one 
combination of films in only one arrangement, but there are several films that can be 
combined in multiple arrangements, which are expected to have unique attributes. The 
ability to form heterostructures that take the positive properties of each film and apply to 
the combined film would be a great contribution to the field. 
To achieve high performance TMD based FETs, the formation of a high-κ gate 
dielectric is important. Since the surface of TMD films are pristine and free of dangling 
bonds, and low reactive surface sites, the formation of high-κ gate dielectric films via 
ALD is difficult. Research into methods of depositing good quality thin dielectric films is 
an important area for future work. 
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As was demonstrated in this research, low resistance contacts are difficult to form 
and require the right metal to minimize the Schottky barrier. Even with the appropriate 
low/high work function metal, Schottky barriers are inevitable and can limit high 
performance TMD based FETs. The ultrathin TMD films limit the traditional doping 
method of ion implantation used to create the low resistance contact, therefore novel 
doping methods need to be pursued to prevent relying on different contact metals. 
There are many avenues of research into the use of TMD films as a channel 
material for future silicon based electronics. This research focused on ALD as a method 
of creating high quality films over a large area, which will be necessary for mainstream 
applications. However, there is much work to be accomplished if we are to be able to use 
TMD films in mainstream silicon based electronics.  
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